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CHAPTER 1 

INTRODUCTION 

 

1.1 Background of the Study 

 Spinel type ferrites are ceramic materials formed by reacting non-magnetic metal 

oxides to magnetic materials. According to their crystal structure, spinel-type ferrites are 

natural superlattices and have tetrahedral A-site and octahedral B-site in AB2O4 crystal 

structure. These materials show various magnetic properties depending on the chemical 

composition and cation distribution. Various cations can be placed in A-site and B-site 

to tune its magnetic properties. Depending on A-site and B-site cations, they can exhibit 

ferrimagnetic, antiferromagnetic, spin (cluster) glass, and paramagnetic behavior [1, 2]. 

Due to their remarkable magnetic and electric properties, these materials are subjects of 

intense theoretical and experimental investigation for technological application [2-4]. 

The polycrystalline spinel ferrites are widely used in many electronic devices. They are 

preferred because of their high permeability and saturation magnetization in the radio- 

frequency (RF) region, high electrical resistivity, mechanical hardness and chemical 

stability [5]. Ferrites are also useful to prevent and eliminate RF interference to audio 

systems [6]. Most other technologically useful magnetic materials such as iron and soft 

magnetic alloys have low electrical resistivity. This makes them difficult for 

applications at high frequencies. The low electrical resistivity of these materials allows 

eddy currents to flow within the materials themselves, thereby producing heat and waste 

energy [7-8].  

In this thrust area of research on magnetic fine particles, lithium ferrite forms a 

very important group of materials. Lithium ferrite and mixed lithium ferrites have very 

high potential for microwave applications, especially as replacements for garnets, due to 

their low cost. The squareness of the hysteresis loop and superior temperature 

performance are other prominent advantages that have made them very promising 

candidates for application in microwave devices [9-11, 17, 27]. Effect of various 

substitutions in lithium ferrite exhibits very good relaxation and anisotropy properties 

than other type of ferrites [12, 13]. 

Studies on substituted Li-Mg-Fe spinels show that it can be useful in microwave 

applications having improved magnetic properties [14, 15]. Various researchers have 
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reported the study of Ni substitution which seems to enhance the magnetic properties as 

well [16-17] Besides studying on pure Lithium ferrite [9-11], Li-Mg and Li-Ni ferrite, 

many researchers have studied Li-Zn [18-19], Li-Co [20] and Li-Ti [21], Li-Cd [22], Li-

Cr[23], Li-Ce [24] ferrites. However, no reports have been found in the literature so far 

about Li substituted LixMg0.4Ni0.6-2xFe2+xO4 ferrites. In the present research the influence 

of Li substitution on structural and magnetic properties of LixMg0.4Ni0.6-2xFe2+xO4 ferrites 

has been investigated. 

 

1.2 Objectives of the Present Work  

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

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

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

material can be used. The mechanisms of eddy current losses and damping of domain 

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

parts of the complex permeability. To understand these mechanisms the effect of 

composition and microstructure on the frequency response is very useful.  

The main objectives of the present research are as follows: 

 

 Preparation of various LixMg0.4Ni0.6-2xFe2+xO4 (x=0.00, 0.05, 0.10, 

0.15, 0.20, 0.25, 0.30) samples. 

 Characterizations of crystalline structure, density, porosity and 

surface morphology (grain sizes) of the samples. 

 Measurement of initial permeability as a function of frequency 

(300 kHz-110 MHz) for samples having various microstructures (e. 

g. grain size). 

 Measurement of magnetization as a function of field, M(H), at room 

temperature. 
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1.3 Outline of the Thesis  

The summary of the thesis is as follows: 

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

present work. 

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

as crystal structure of the spinel type ferrites. 

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

measurement techniques that have been used in this research work. 

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

explanation of results in the light of existing theories. 

The conclusions drawn from the overall experimental results and discussion are 

presented in Chapter 5. 
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candidates for application in microwave devices [9-11, 17, 27]. Effect of various 
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reported the study of Ni substitution which seems to enhance the magnetic properties as 

well [16-17] Besides studying on pure Lithium ferrite [9-11], Li-Mg and Li-Ni ferrite, 

many researchers have studied Li-Zn [18-19], Li-Co [20] and Li-Ti [21], Li-Cd [22], Li-

Cr[23], Li-Ce [24] ferrites. However, no reports have been found in the literature so far 

about Li substituted LixMg0.4Ni0.6-2xFe2+xO4 ferrites. In the present research the influence 

of Li substitution on structural and magnetic properties of LixMg0.4Ni0.6-2xFe2+xO4 ferrites 

has been investigated. 

 

1.2 Objectives of the Present Work  

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

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

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

material can be used. The mechanisms of eddy current losses and damping of domain 

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

parts of the complex permeability. To understand these mechanisms the effect of 

composition and microstructure on the frequency response is very useful.  

The main objectives of the present research are as follows: 

 

 Preparation of various LixMg0.4Ni0.6-2xFe2+xO4 (x=0.00, 0.05, 0.10, 

0.15, 0.20, 0.25, 0.30) samples. 

 Characterizations of crystalline structure, density, porosity and 

surface morphology (grain sizes) of the samples. 

 Measurement of initial permeability as a function of frequency 

(300 kHz-110 MHz) for samples having various microstructures (e. 

g. grain size). 

 Measurement of magnetization as a function of field, M(H), at room 

temperature. 
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1.3 Outline of the Thesis  

The summary of the thesis is as follows: 

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

present work. 

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

as crystal structure of the spinel type ferrites. 

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

measurement techniques that have been used in this research work. 

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

explanation of results in the light of existing theories. 

The conclusions drawn from the overall experimental results and discussion are 

presented in Chapter 5. 

 

References: 

[1] Peelamedu, R.,Grimes, C., Agrawal, D., and Roy, R., �Ultralow dielectric constant nickel-zinc 

ferrites using microwave sintering�, J. Mater. Res., Vol-18(10), pp 2292-2295, 2003. 

[2 Hossain, A. K. M. A., Mahmud, S. T., Seki, M., Kawai, T. and Tabata, H., �Structural, Electrical 

transport and Magnetic Properties of Ni1-xZnxFe2O4�, Journal of Magnetism and Magnetic 

Materials, Vol-312(1), pp 210-219, 2007.  

[3] Valenzuela, R., �Magnetic Ceramics�, Cambridge University Press, Cambridge, 1994. 

[4] Schiessl, W., Potzel, W., Karzel H., Steiner, M. and Kalvius, G. M. ,�Magnetic properties of the  

ZnFe2O4 spinel�, Physical Review B, Vol-53, No. 14, pp 9143-9152, 1996.  

[5] Hasting, J. M. and Corliss, L. M., �An antiferromagnetic transition in zinc ferrite�, Physical . 

Review., Vol-102, No. 6, pp 1460-1463, 1956.  

[6] Hasting, J. M. and Corliss, L. M., �Neutron diffraction studies of zinc ferrite and nickel ferrite�, 

Reviews of Modern Physics, Vol-25, No. 1, pp 114-118, 1953.  

[7] Chukalkin, Yu. G. and Teplykh, A. E., �Magnetic state of nickel-zinc ferrites at high zinc 

concentrations�, Physics of the Solid State, Vol-40, No. 8 , pp 1364-1365, 1998. 

[8]  Ahmed, M.A., Okasha, N., Salah L., �Influence of yttrium ions on the magnetic properties of Ni-

Zn ferrites�, Journal of Magnetism and Magnetic MaterialsVol-264, pp 241-250 ,2003.  

[9]  Argentina, G. M., and  Baba, P.D., �Microwave Lithium Ferrites: An Overview�,  

IEEE Transactions on Microwave Theory and Techniques, Vol - MTT-22, No. 6, pp 652-658, 

1974. 

 

    

pdfMachine  
 A pdf writer that produces quality PDF files with ease! 

Produce quality PDF files in seconds and preserve the integrity of your original documents. Compatible across 
nearly all Windows platforms, simply open the document you want to convert, click “print”, select the 

“Broadgun pdfMachine printer” and that’s it! Get yours now! 

http://www.pdfmachine.com?cl


Chapter 1                                                                                                                                          Introduction 

 4

[10]  White , G.O. and Patton , C.E., �Magnetic Properties of Lithium Ferrite Microwave Materials�, 

Journal of Magnetism and Magnetic Materials, Vol-9, pp 299, 1978. 

[11] Andreev , N.M. and Kojoukharoff, V.I., �On some magnetic characteristics of a system of 

lithium ferrites for microwave applications�, Journal of Magnetism and Magnetic Materials, Vol-

54-57, No 3, pp 1605-1606, February 1986.  

[12] Patton, C. E., Blankenbeckler, D. L., Brower, C. J.,  Dalton ,B. B. and Lucero, A. M., 

�Microwave Relaxation Properties of Substituted Lithium Ferrite�, IEEE Transactions on 

Magnetics, Vol-17, Issue 6, pp 2976-2978, 1981. 

[13] Brower, C. J. and Patton, C. E, �Determination of Anisotropy Field in Polycrystalline Lithium 

Ferrites from FMR linewidths�, Journal of Applied Physics , Vol-53, pp 2104-2106, 1982. 

[14] Kishan, P., Kumar, N., Prakash, C., Zaidi Z. H., �Studies on substituted Li-Mg-Fe spinels for 

microwave applications�, Ferroelectrics Letters Section, Vol-18, Issue 3 & 4, pp 91-97, 1994. 

[15] Widatallah, H.M., Johnson,C., Gismelseed, A. M., Al- Omari, I .A., Stewart, S. J., Al- Harthi, 

S.H., Thomas S. and Sitepu. H., �Structural and magnetic studies of nanocrystalline Mg-doped 

Li0.5Fe2.5O4 particles prepared by mechanical milling�, Journal of Physics D: Applied Physics, 

Vol-41, pp (165006)1-(165006) 10, 2008. 

[16] Bhatu, S. S., Lakhani, V.K., Tanna, A.R., Vasoya , N. H., Buch, J.U., Sharma, P.U., Trivedi, U. 

N., Joshi ,H.H. and Modi ,K.B., �Effect of nickel substitution on structural, infrared and elastic 

properties of lithium ferrite�, Indian Journal of Pure & Applied Physics, Vol-45, pp 597-608, 

2007.  

[17] Soibam I., Phanjoubam S., Prakash , C., �Magnetic and Mössbauer studies of Ni substituted Li-

 Zn ferrites�, Journal of Magnetism and Magnetic Materials, Vol-321, pp 2779-2782, 2009 

[18].  Patton, C. E., Edmonson , C.A., and Liu., Y. H., �Magnetic Properties of Lithium Zinc Ferrite�, 

Journal of Applied Physics, Vol-53, pp 2431-2433, 1982. 

[19] Rosenberg, M, Deppe, P., Dey, S., Janssen, U., Patton, C., Edmondson, C., �Mossbauer study of 

hyperfine field distributions and spin canting in lithium-zinc ferrites�, IEEE Transactions on 

Magnetics, Vol-18, (6), pp 1616-1618, 1982. 

[20] Abo El Ata, A.M., Attia, S.M., El Kony, D., Al-Hammadi, A. H., �Spectral, initial magnetic 

permeability and transport studies of Li0.5-0.5xCoxFe2.5-0.5xO4 spinel ferrite�,  

Journal of Magnetism and Magnetic MaterialsVol-295, pp 28�36, 2005. 

[21]  Surzhikov, P., Pritulov, A. M., Ivanov, Yu. F., Shabardin, R. S., and Usmanov, R.U., �Electron-

microscopic study of morphology and phase composition of Lithium-Titanium ferrites�, 

Russian Physics Journal, Vol-44, No. 4, pp 420-423, 2001. 

[22] Bellad, S. S. Watawe, S. C., Shaikh ,A.M., and Chougule, B. K., �Cadmium substituted high 

permeability lithium ferrite�, Bulletin  of  Materials  Science, Vol-23, No. 2, pp 83�85, 2000. 

[23] Laishram, R., Prakash, C., �Magnetic properties of Cr3+ substituted Li�Sb ferrites�, Journal of 

 Magnetism and Magnetic Materials., Vol-305, pp 35�39, 2006.  

[24] Sun, C., Sun, K., �Preparation and microwave absorption properties of Ce-substituted lithium 

ferrite �, Solid State Communications, Vol-141, (5), pp 258-261, 2007. 

    

pdfMachine  
 A pdf writer that produces quality PDF files with ease! 

Produce quality PDF files in seconds and preserve the integrity of your original documents. Compatible across 
nearly all Windows platforms, simply open the document you want to convert, click “print”, select the 

“Broadgun pdfMachine printer” and that’s it! Get yours now! 

http://www.pdfmachine.com?cl


CHAPTER 2 

LITERATURE REVIEW 

 

2.1  Overview of the Materials 

Ferrites commonly expressed by the general chemical formula MeO.Fe2O3, 

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

(1909) focused on the usefulness of ferrites at high frequency [1]. A systematic 

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

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

same materials [1]. Snoek's extensive works on ferrites unveiled many mysteries 

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

permeability materials of cubic structure. This particular structure for symmetry reasons 

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

spinels of the type MeZnFe2O4, where Me stands for metals like Cu, Mg, Ni, Co or Mn, 

for which permeability were found to be up to 4000 [1-2 ,3]. Here after starts the story 

of Li-ferrites. Lithium ferrites became commercially important as computer memory 

core materials in the early 1960�s. The high Curie temperature, leading to unparalleled 

thermal stability, the excellent hysteresis loop properties, and the high saturation 

magnetization all prompted this commercial interest. For many of the same reasons 

there was considerable development effort aimed at providing micro-wave quality 

lithium ferrites [4-7]. The principal interest in microwave lithium ferrites is a low-cost 

replacement for the rare earth-iron garnets, offering competitive or improved 

temperature performance. Lithium ferrites with magnetizations comparable to the 

garnets are very refractory due to the high concentration and nature of the substituent 

elements, which requires relatively high sintering temperatures. This type of heat 

treatment causes the volatility of Li2O [8, 9] which results in some reduction of iron. For 

this reason lithium ferrites were considered difficult to prepare with low dielectric loss. 

In addition, these lower magnetization lithium ferrites were characterized by high 

porosities, and as a result, high coercive forces and broad resonance line-widths were 

experienced [10]. 

The structural and elastic properties of Li-Ni ferrite was studied by  

Bhatu et al. [11]. The observed increase in magnitude of elastic constants, elastic wave 
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velocities and infrared spectral analysis is found easier, valid and suitable for spinel 

ferrite. 

The effect of magnetic properties of Ni concentration in Li-Zn ferrite was studied 

by I. Soibam et al.[12]. From their investigation of saturation magnetization, Curie 

temperature and Mossbaur studies, it has been observed that Ni substitution greatly 

affects the magnetic properties of the Li-Zn ferrite system. The value of saturation 

magnetization and Curie temperature was observed to decrease with increase in the Ni 

concentration in their system. Magnetic studies of cobalt substituted lithium zinc ferrites 

was also studied by I. Soibam. Magnetisation measurement indicated that cobalt shows 

anomalous behaviour when substituted in lithium ferrites in the presence of Zn.[13] 

The structure and magnetic properties of spinel-related Mg-doped Li0.5Fe2.5O4 

nano-crystalline particles prepared by milling a pristine sample, Li0.41Fe2.41Mg0.17O4 for 

different times were investigated by H M Widatallah et al [14]. The saturation 

magnetization and Curie temperature were found to decrease and the material 

increasingly turned super-paramagnetic as milling proceeded. The coercivity and the 

magnetization increased initially and later decreased at higher milling times.  

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

preparation and often plays a dominant role in many magnetic properties. Tasaki et al. 

[15] studied the effect of sintering atmosphere on permeability of sintered ferrite. They 

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

However, permeability decreased in an atmosphere without O2 at high sintering 

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

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

low sintering temperature a high permeability is obtained in an atmosphere without O2 

because densification and stoichiometry plays a principal role in increasing 

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

presence of O2 because the effect of decrease of Zn content can then be neglected. 

Studying the electromagnetic properties of ferrites, Nakamura [16] suggested 

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

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

permeability and electrical resistivity.  
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High permeability attainment is certainly affected by the microstructure of the 

ferrites. Roess showed that [17] the very high permeability is restricted to certain 

temperature ranges and the shapes of permeability versus temperature curves are 

strongly affected by any inhomogeneity in the ferrite structure. 

Leung et al. [18] performed a Low-temperature Mössbauer study of a nickel-zinc 

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

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

of A- and B-site Fe-spin moments exist. An explanation based on the relative strength of 

the exchange constant ABJ  and BBJ  is given to account for this difference. 

Rezlescu et al. [19][1 reported that the sintering behaviour and microstructure of 

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

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

evaporation is minimized [20]. 

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

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

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

Globus [21] shows that the intrinsic rotational permeability r  and 1800 wall 

permeability w  may be written as: KM sr /21 2   and  4/31 2 DM sw  , 

where Ms is the saturation magnetization, K is the total anisotropy, D is the grain 

diameter and   Kw is the wall energy.  

El-Shabasy [22] studied the DC electrical resistivity of ZnxNi1-xFe2O4 ferrites. He 

shows that the ferrite samples have semiconductor behaviour where DC electrical 

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

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

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

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

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

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

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

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

concentration at B sites. As a result, the number of ferrous and ferric ions at B sites 
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(which is responsible for electric conduction in ferrites) increases. Consequently   

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

substitution is that, zinc is less resistive ( 92.5 cm ) than nickel 

( 99.6 cm ). The main conductivity mechanism in ferrites is attributed to electron 

hopping between 3Fe and 2Fe  in octahedral sites. Resistivity in spinels is very 

sensitive to stoichiometry; a small variation of Fe content in yxOFeNiZn  423.07.0  results 

in resistivity variations of 710~ . Excess Fe can easily dissolve in spinel phase by a 

partial reduction of Fe from 3
3
23 OFe   to 4

3
2

22 OFeFe   (and 22/1 O ) [2]. 

 

2.2 Magnetic Ordering 

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

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

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

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

wave function with those of neighbouring atoms. This condition is best fulfilled by 

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

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

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

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

becomes ferromagnetic below a certain temperature TC called the Curie temperature. 

The common spin directions are determined by the minimum of magneto-crystalline 

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

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

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

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

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

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

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

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

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

When negative exchange dominates, adjacent atomic moments (spins) align antiparallel 
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to each other, and the substance is said to be anti-ferromagnetic below a characteristic 

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

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

parallel alignment. This result is zero net magnetization. A special case of anti-

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

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

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

spontaneous magnetization. At the macroscopic level of domain structures, 

ferromagnetic and ferrimagnetic materials are therefore similar. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1. Temperature dependence of the inverse susceptibility for: (a) a diamagnetic material; (b) a 

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

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

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

behaviour for T>TC. 
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The Curie and Néel temperatures characterize a phase transition between the 

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

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

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

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

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

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

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

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

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

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

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

)/( CTTC  [2, 27]. 

 

2.3 Crystal Structure of Spinel Ferrites 

2.3.1 Ionic Charge Balance and Crystal Structure of Cubic Spinel Ferrite: 

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

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

Between the layers of oxygen ions, if we simply visualize them as spheres, there are 

interstices that may accommodate the metal ions. Now, the interstices are not all the 

same; some which are called A sites are surrounded by or coordinated with 4 nearest 

neighbouring oxygen ions whose lines connecting their centers form a tetrahedron. 

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

coordinated by 6 nearest neighbor oxygen ions whose center connecting lines describe 

an octahedron. The B sites are called octahedral sites (Fig. 2.2(b)). In the unit cell of 32 

oxygen ions, there are 64 tetrahedral sites and 32 octahedral sites. If all of these were 

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

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

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

octahedral sites, only 16 are occupied. If, as in the mineral, spinel, the tetrahedral sites 

are occupied by divalent ions and the octahedral sites are occupied by the trivalent ions, 

the total positive charge would be 8x (+2) = +16 plus the 16x (+3) =+48 or a total of 
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+64 which is needed to balance the 32x (-2) = -64 for the oxygen ions. There would then 

be eight formula units of MO.Fe2O3 or MFe2O4 in a unit cell. A spinel unit cell contains 

two types of subcells . The two types of subcells alternate in a three- dimensional array 

so that each fully repeating unit cell requires eight subcells. 

 The crystallographic environments of the A and B sites are distinctly different. 

The unit cell contains so many ions that a two-dimensional drawing of the complete  

cell would not be very informative. Instead we can consider a unit cell of edge a, to be 

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

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

two lower-left octants in Fig. 2.2(c) are shown in Fig. 2.2(d). One tetrahedral site occurs 

at the center of the right octant of Fig. 2.2(d), and other tetrahedral sites are at some but 

not all octant corners. Four octahedral sites occur in the left octant; one is connected by 

dashed lines to six oxygen ions, two of which, shown dotted, are in adjacent octants 

behind and below. The oxygen ions are arranged in the same way, in tetrahedra, in all 

octants. Not all of the available sites are actually occupied by metal ions. Only one-

eighth of the A sites and one-half of the B sites are occupied, as shown in Table 2.1 [2]. 

In the mineral spinel, MgO.Al2O3, the Mg2+ ions are in A sites and the Al3+ions are in B 

sites.  

Some ferrites MO.Fe2O3 have exactly this structure, with M2+ in A sites and Fe3+ 

in B sites. This is called the normal spinel structure. If 8 divalent (M) ions occupy the A-

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

site, the structure is said to be Normal spinel. 

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

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

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

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

ferrites, however, have the inverse spinel structure, in which the divalent ions are on B 

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

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

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

The normal and inverse structures are to be regarded as extreme cases, because 

X-ray and neutron diffraction show that intermediate structures can exist. Thus 
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manganese ferrite is almost, but not perfectly, normal; instead of all the Mn2+ ions being 

on A sites, a fraction 0.8 is on A sites and 0.2 on B sites. Similarly, magnesium ferrite is 

not quite inverse; a fraction 0.9 of the Mg2+ ions is on B sites and 0.1 on A sites. The 

distribution of the divalent ions on A and B sites in some ferrites can be altered by heat 

treatment; it may depend, for example, on whether the material is quenched from a high 

temperature or slowly cooled. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.2. Crystal structure of a cubic ferrite [27]. 
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Table 2.1 Arrangements of Metal Ions in the Unit Cell of a Ferrite MO.Fe2O3 [27] 

 

. 

 

 

 

 

 

 

 

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

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

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

The oxygen ions connected with the octahedral sites move in such a way as to shrink the 

size the octahedral cell by the same amount as the tetrahedral site expands. The 

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

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

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

where ao is the lattice constant [1]. 

 

2.3.2 Site Preferences of the Ions 

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

determined by; 

1. The ionic radii of the specific ions 

2. The size of the interstices 

3. Temperature 

4. The orbital preference for specific coordination 

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

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

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

the outer orbits inward). The octahedral sites are also larger than the tetrahedral [28]. 

Therefore, it is reasonable that the trivalent ions such as Fe3+ would go into the 

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

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

Occupants 
 

Kind of Site 

Number 

Available 

 

Number 

Occupied 

 
Normal Spinel Inverse Spinel 

Tetrahedral (A) 64 8 8M2+ 8 Fe3+ 

Octahedral (B) 32 

 
16 16 Fe3+ 

 8 Fe3+ 

8 M2+ 
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configuration is favorable for tetrahedral bonding to the oxygen ions. Thus Zn takes 

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

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

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

while other ions have weaker preferences [28]. 

 

2.3.3 Unit Cell Dimensions 

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

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

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

that show that the packing is not ideal. The positions of the ions in the spinel lattice are 

not perfectly regular (as the packing of hard spheres) and some distortion does occur. 

The tetrahedral sites are often too small for the metal ions so that the oxygen ions move 

slightly to accommodate them. The oxygen ions connected with the octahedral sites 

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

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

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

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

distance is theoretically equal to 3/8ao. The unit cell length of Li-Ferrite, Ni ferrite and 

Mg Ferrite are observed to be 8.33 Å, 8.3390 Å and 8.36 Å respectively [2]. 

 

2.4 Cation Distribution of Spinel Ferrites 

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

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

4
3
2

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

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

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

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

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

summarized as [2, 25-26] 

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

2 ][ OMeMe  , 

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

23 ][ OMeMeMe  . 
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A completely normal or inverse spinel represents the extreme cases. There are many 

spinel oxides which have cation distributions intermediate between these two extreme 

cases and are called mixed spinels.  

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

  4
3
1

2
1

3
1

2 ])[( OMeMeMeMe xxxx












  

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

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

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

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

below: 

 Li Ferrite :      (Fe3+)[ Li0.5Fe1.5
3+] O4 [2,10] 

 Ni Ferrite :             (Fe3+)[ Ni 2+Fe3+] O4 [2, 42] 

 Mg Ferrite :             (Mg1-xFe3+)[Mgx Fe2-x
 3+] O4 [2, 43] 

    where x is the  degree of inversion.  

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

ferrite. 

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

   [31]                            

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

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

prepared by mixing two or more different types of metal ions 

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

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

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

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

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

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

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

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

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

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

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

    

pdfMachine  
 A pdf writer that produces quality PDF files with ease! 

Produce quality PDF files in seconds and preserve the integrity of your original documents. Compatible across 
nearly all Windows platforms, simply open the document you want to convert, click “print”, select the 

“Broadgun pdfMachine printer” and that’s it! Get yours now! 

http://www.pdfmachine.com?cl


Chapter 2                                                                                                                                  Literature Review 

 16 

larger than the tetrahedral. Therefore, it would be reasonable that the trivalent ions Fe3+ 

(0.73Å) would go into the tetrahedral sites and the divalent ions Fe2+ (0.86Å) go into the 

octahedral. Two exceptions are found in Zn2+ and 2Cd  which prefer tetrahedral sites 

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

ions. It is known that Li1+(0.82Å), Ni2+(0.73Å) and Mg2+(0.80Å) ions occupy B sites 

[6]. Hence the factors influencing the distribution the cations among the two possible 

lattice sites are mainly their ionic radii of the specific ions, the size of the interstices, 

temperature, the matching of their electronic configuration to the surrounding anions 

and the electrostatic energy of the lattice, the so-called Madelung energy, which has the 

predominant contribution to the lattice energy under the constrain of overall energy 

minimization and charge neutrality. 

 

2.5 Interaction Between Magnetic Moments on Lattice Sites 

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

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

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

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

superexchange interaction is expected to occur between octahedral and tetrahedral 

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

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

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

of a tetrahedral, an octahedral and an anion site are shown in Fig. 2.3. The interaction is 

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

  

 

  

 

 

 

 

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

interactions [28, 29]. 

 

 

 

 

 

 

 

 

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

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

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

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

undistorted spinel, the A-O-B angles are about 125˚ and 154˚ [1-2, 24]. The B-O-B 

angles are 90˚ and 125˚ but in the latter, one of the B-O distances is large. In the A-A 

case the angle is about 80˚. Therefore, the interaction between moments on the A and B 

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

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

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

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

between the tetrahedral and octahedral sites is shown in Fig. 2.4. An individual A site is 

interacted with a single B site, but each A site is linked to four such units and each B 

site is linked to six such units. Thus, to be consistent throughout the crystal, all A sites 

and all B sites act as unified blocks and are coupled antiparallel as blocks [28]. 

 

Distances M-O Distances M-M 

p = a(  � u) 

q = a(u-  )  

r = a(1+u)  

s= a( +8)  

b =(a/4)  

c =(a/8)  

d =(a/4)  

e =(3a/8)  

f  =(a/4)  
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2.6 Magnetism in Spinel Ferrite 

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

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

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

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

crystal has no resultant moment from this source. Moreover this orbital-lattice coupling 

is so strong that the application of a magnetic field has little effect upon it. The spin axes 

are not tightly bound to the lattice as are the orbital axes. The anions surrounding a 

magnetic cation subject it to a strong inhomogeneous electric field and influence the 

orbital angular momentum. However, the spin angular momentum remains unaffected. 

For the first transition group elements this crystal field effect is intense partly due to the 

large radius of the 3d shell and partly due to the lack of any outer electronic shell to 

screen the 3d shell whose unpaired electrons only contribute to the magnetic moment. 

We have originally defined the magnetic moment in connection with permanent 

magnets. The electron itself may well be called the smallest permanent magnet [1]. For 

an atom with a resultant spin quantum number S, the spin magnetic moment will be 

    BSSg  )1(   

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

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

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

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

magnet to which the electron is equivalent.  

 

 

 

 

 

 

 

 

Fig. 2.5. Electronic configuration of atoms and ions [28]. 
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Fig. 2.5 illustrates the electronic configuration of Fe atoms and Fe3+ ions. Fe atom has 

four unpaired electrons and 3Fe ion has five unpaired electrons. Each unpaired electron spin 

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

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

remaining after these processes occur that gives the net magnetic moment [1]. According to the 

Hund�s rules the moment of Fe atom and Fe 3+ion are B4  and B5  respectively. Similarly the 

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

 

2.6 .1 Magnetic Moments of Some Spinels Ferrites: 

2.6.1.1 Inverse Spinels 

 

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

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

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

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

with the measured values [28]. Because the effect of thermal agitation on the magnetic 

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

magnetons is always referred to the value at absolute zero or 0˚K. This is usually done 

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

theoretical values can be attributed to several factors, namely: 

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

predicted. 

 The orbital magnetic contribution may not be zero as assumed. 

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

  other words, they may be canted. 

 

2.6.1.2 Normal versus Inverse Spinels 

 Although some spinels are either normal or inverse, it is possible to get different 

mixtures of the two. Often, the ratio of the two will depend on the method of 

preparation. Some of the first ferrites studied by Neel (1948) were ones that contained 

Mg and Cu which by thermal treatment reduced the Fe3+ on the tetrahedral A sites of the 

inverse spinel. As a result, there was an imbalance of the Fe3+ ions on the two sites and 
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thus a magnetic moment. Even Zn ferrite, Zn [Fe2] O4, with a higher than 50 mole 

percentage of Fe2O3 and a special firing can have a small moment [28]. 

From the Table 2.2, it is observed that experimental magnetic moment of 

Li0.5Fe2.5O4, MgFe2O4 and NiFe2O4 are 2.6, 1.1 and 2.3 respectively. 

 

Table 2.2. Magnetic moment of Some Simple Ferrite [28]. 

 

                       Magnetic Moment (µB)  Ferrite 

Experimental Theoretical 

MnFe2O4 4.6 5 

FeFe2O4 4.1 4 

CoFe2O4 3.7 3 

NiFe2O4 2.3 2 

CuFe2O4(Quenched) 2.3 1 

MgFe2O4 1.1 0 

Li0.5Fe2.5O4 2.6 2.5 

γ-Fe2O3 2.3 2.5 

  

 

2.6.2 Exchange Interactions in Spinel  

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

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

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

consists of the orbital and spin motions. Usually the net quantum number is written as S, 

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

The exchange interactions coupling the spins of a pair of electrons are proportional to 

the scalar product of their spin vectors [23, 26, 30] 

     


 jiijij SSJV .2 .     (2.1) 

where ijJ is the exchange integral given in a self explanatory notation by 
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  In this expression r �s are the distances, subscripts i and j refer to the atoms, 1 and 2 

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

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

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

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

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

charge distributions, sometimes partially and sometimes completely making the direct 

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

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

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

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

depends on the geometry of arrangement of the two interacting cations and the 

intervening anion. Both the distance and the angles are relevant. Usually only the 

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

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

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

magnetic order depends on their relative strength.  

The super-exchange mechanism between cations that operate via the 

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

Anderson and Van Vleck [23, 26]. A simple example of superexchange is provided by 

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

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

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

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

The phenomenon of super-exchange is considered to be due to an overlap between the 

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

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

minimum, the moments of the manganese ions on either side of the oxygen ion must be 

    

pdfMachine  
 A pdf writer that produces quality PDF files with ease! 

Produce quality PDF files in seconds and preserve the integrity of your original documents. Compatible across 
nearly all Windows platforms, simply open the document you want to convert, click “print”, select the 

“Broadgun pdfMachine printer” and that’s it! Get yours now! 

http://www.pdfmachine.com?cl


Chapter 2                                                                                                                                  Literature Review 

 22 

anti-parallel. The manganese magnetic moments are thus, in effect, coupled through the 

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

 

 

 

 

 

 

 

 

 

 

Fig. 2.6. Illustrating super-exchange in MnO. 

 

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

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

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

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

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

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

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

oxygen ion now has a moment of B1  and if there is negative interaction between the 

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

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

essential part in producing anti-ferromagnetism in the oxide. Moreover, because of the 

dumbbell shape of the 2p orbits, the coupling mechanism should be most effective when 

the metal ions and the oxygen ions lie in one straight line, that is, the angle between the 

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

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

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

two transition metal cations separated by an O, Fig. 2.7. 
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Fig. 2.7. Schematic representation of the superexchange interaction in the magnetic oxides. The p orbital 

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

 

The O2- has no net magnetic moment since it has completely filled shells, with p-type 

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

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

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

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

O2-, partial electron overlap (between a 3d electron from the cation and a 2p electron 

form the O2-) can occur only for anti-parallel spins, because electrons with the same spin 

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

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

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

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

to take place for cationO2-
cation angles close to 180° [2]. 

 

2.6.3 Néel Theory of Ferrimagnetism  

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

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

1) different elements in different sites, 

2) same element in different ionic states, and 

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

the same spin. 

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

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

molecular fields acting on the two sub-lattices A and B can be written as [2, 23-27] 
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BABAAAA MMH


  , 

BBBAABB MMH


   

where AM


 and BM


 are the magnetizations of the two sub-lattices and  �s are the 

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

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

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

also negative, though they are in general quite small. 

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

then given by 

BABAAAA MMH


  , 

BBBAABB MMH


   

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

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

Let ABAA    

and ABBB    

In an external applied field H


, the fields acting on A and B sites are 

)( BAABA MMHH


  , 

)( BAABB MMHH


   

At temperatures higher than the transition temperature, NT , AH


, AM


 and BM


 are all 

parallel and we can write 

)]([ BAAB
A

A MMH
T

C
M



  ,    (2.3) 

)]([ BAAB
B

B MMH
T

C
M



      (2.4) 

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

 Here, KSSgNC AABAA 3)1(2   and KSSgNC BBBBB 3)1(2    

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

BS are their spin quantum numbers. Solving for the susceptibility,  , one gets [2,27]  
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 


T

b

C

T
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



 





T

b

C

CT )/(1 0     (2.5) 

Where C , 0 , b and   are constants for particular substance and are given by  

BA CCC   

 ]2[
11 22

2
0

ABBABBBAAA CCCC
C






 

2222
3

)()([ ABBBBBBAAA
BA CC

C

CC
b  

 
}])({2 2

BBAAABBBAAABBACC    

 ABBBAB
BA

C

CC
 2)(   

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

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

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

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

Curie-Weiss law: 

 
)/( 0


CT

C


  

This is the equation of straight line, shown dashed in Fig. 2.9, to which the 1/ versus T 

curve becomes asymptotic at high temperatures.  

 

 

 

 

 

 

 

 

 

Fig. 2.8. The temperature dependence of the inverse susceptibility for ferrimagnets. 
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The Ferrimagnetic Curie temperature CT  is obtained from equations (2.3) and (2.4) with 

0H and setting the determinant of the coefficients of iM  equal to zero. This gives 

 ]}4){([
2

1 222
ABBABBBAAABBBAAAC CCCCCCT     (2.6) 

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

The experimental Curie temperature, the temperature at which the susceptibility 

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

Curie temperature [27]. This disagreement between theory and experiment in the region 

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

temperatures above experimental CT [2, 27]. 

 

The sub-lattice magnetizations will in general have different temperature dependences 

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

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

Fig. 2.9. For most ferrimagnets the curve is similar to that of ferromagnets, but in a few 

cases there be a compensation point in the curve, Fig. 2.9(c) [1, 27]. At a point below 

the Curie temperature point, the two sub-lattice magnetizations are equal and thus 

appear to have no moment. This temperature is called the compensation point. Below 

this temperature one sub-lattice magnetization is larger and provides the net moment. 

Above this temperature the other magnetization does dominates and the net 

magnetization reverses direction. 

The essential requisite for Néel configuration is a strong negative exchange interaction 

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

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

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

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

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

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

expected either in the A or in the B sub-lattice. Under certain conditions there may be 

non-collinear spin arrays of still lower energy.  
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Fig. 2.9. Superposition of various combinations of two opposing sublattice magnetizations producing 

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

 

2.6.4 Effect of Magnetic Moments in LixMg0.4Ni0.6-2xFe2+xO4 Spinel Ferrites 

43OFe  has ferromagnetic properties because of its inverse structure which leads 

to the formation of domains. A unit cell of 43OFe  contains eight formula units each of 

which may be written in the form  2
4

323 ][ OFeFeFe [25]. Snoek and his co-workers 

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

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

substituted for the divalent Fe2+ ions in 43OFe . An extensive range of ferrites could thus 

be made having the general formula 








 2
4

323 ][ OFeMFe , where arrows indicate spin 
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ordering. Since the trivalent iron ions are equally distributed on A and B sites they 

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

theoretically the same as the magnetic moment of the divalent ion. The Ni ferrite has a 

moment of B3.2  compared with a theoretical value of B2 [1].  

Li ferrite is a inverse spinel, with Li1+ ions having no 3d shell�s electron in A 

sites have zero magnetic moment; Fe3+ ions in B sites have a magnetic moment B5 . 

The cation distribution can be written as 







 2

4
313 ][ OFeLiFe , where spin ordering is 

indicated by arrows. Again, Ni ferrites have inverse spinel structure and its formula may 

be written as 








 2
4

323 ][ OFeNiFe . On the other hand Mg ferrites have inverse spinel 

structure and its formula may be written as 









 2

42
323

1
2 ][ OFeMgFeMg xxx , where x is 

the degree of inversion. 

The magnetic spins on each of the sites are antiparallel; so, the octahedral site is 

dominant. For reduction of magnetization a nonmagnetic ion (or magnetic ion having 

fewer spins than Fe3+) is introduced on the octahedral sites as a replacement for Fe3+.To 

increase the magnetization, a non magnetic ion is introduced on the tetrahedral site. In 

either case, the octahedral site normally remains dominant [10]. 

Theoretical aspect of magnetic moment in Zn substituted Ni Ferrite is explained 

by Velenzuala [2]. The zero magnetic moment of Zn2+ ions leaves trivalent iron ions on 

B sites with a negative BB interaction between equal ions. Therefore Zn ferrite is not 

ferromagnetic. Zinc ferrite therefore be expected to be antiferromagnetic and thus to 

have a Néel point, though measurements show it to be paramagnetic only [1, 2, 25, 27]  

Magnetic properties can be modified widely by cation substitution. In the present 

case An illustrative case is substituion of Ni by Zn in Co ferrite to form solid solutions 

421 OFeZnNi xx . The cation distribution can be written as 











 2
4

3
1

2
1

3
1

2 ])[( OFeNiFeZn xxxx  

[2]. Zn2+ is diamagnetic and its main effect is to break linkages between magnetic 

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

since it has an ionic radious larger than the Ni and Fe radii. The most remarkable effect 

is that substitution of this diamagnetic cation (Zn) results in a significant increase in 

magnetic moment in a number of spinel solid solutions, Fig. 2.10. 
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Fig. 2.10. Variation of Magnetic moment (in Bohr magnetons per formula unit) with increasing zinc 

substitution [1, 2]. 

 Magnetic moment as a function of Zn content in Li-Ferrite, Mg-Ferrite and  

Ni-Ferrite shows an increase for small substitutions goes through a maximum for 

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

substituted Li-Ferrite it is observed that the magnetic moment increases up Zn content , 

x= 0.4 then it started to decrease. In Zn substituted Ni ferrite and Mg ferrite the magnetic 

moment increases up to Zn content , x= 0.5, then it decreases . 

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

alignment. As the Zn content increases, magnetic moments decreases in sublattice A and 

increase in sublattice B. If the magnetic moment of Fe and Ni are 5 and ~2.3 B /ion, 

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

is )1(5)1(3.2 xx   and on A sublattice the total antiparallel moment is )1(5 x . If the 

resultant moment per formula unit is )0(SM , then by taking the difference of A and B 

moments [26], 

 )1(5)1(5)1(3.2)0( xxxM S   

            3.2)3.210(  x  

A linear relationship is obtained with a slope of 7.7, predicting a moment value of B10  

per formula unit for Zn substitution 1x , as shown by the broken lines in Fig. 2.10. This 

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

content increases, BOA   interactions become too weak and BOB   interactions 
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begin to dominate. That is, the average distance between the interacting spins gets 

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

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

atoms as their nearest neighbours.  

 

 

 

 

 

 

 

Fig. 2.11. Schematic representation of spin arrangements in 421 OFeZnNi xx : (a) ferrimagnetic 

(for 5.0x ); (b) triangular or Yafet-Kittel (for 5.0x ); and (c) antiferromagnetic for 1x . 

 

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

interaction leading to non-collinearity or canting among the B sublattice. Thus for 

5.0x  Zn content, instead of a collinear antiparallel alignment, canted structure 

appears, where spins in B sites are no longer parallel [2, 32], Fig. 2.11. Evidence of this 

triangular structure has been observed by neutron diffraction [22]; a theoretical analysis 

showed that departure from collinear order depends on the ratio of the BOA   to 

BOB   molecular field coefficients, BBAB  / [33]. For high Zn concentration, 

BOB   interactions dominant and the ferrite become antiferromagnetic for 1x  [2].  

 The theoretical aspect of the variation of magnetic moment in present ferrite 

system , LixMg0.4Ni0.6-2xFe2+xO4  ferrite, increasing Li content can be explained as below 

from the cation distribution as stated in section  

 It is known that Li1+, Ni2+ and Mg2+ ions occupy B sites, although Fe ions exist 

at both A and B sites [12]. The cation distribution of various LixMg0.4Ni0.6-2xFe2+xO4 

ferrite assumed as ( Fe3+
0.9)A [Li1+

xMg2+
0.4Ni0.6-2x Fe3+

1.1+x] B [31]  

 where the term within the square bracket indicates the octahedral (B) sites and the first 

term is tetrahedral (A) sites. When Li1+ ions are introduced at the cost of Ni2+ions, Fe3+ 

ions concentration at B sites increases. As Li1+ and Mg2+ are non-magnetic, the 

magnetic moment of B site will depend on the Ni2+ and Fe3+ ion. Progressive 

substitution of Li+ ion increases Fe3+ ion and decreases Ni2+ ion concentration at B sites. 
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The Fe3+content is increased by 2+x as the Li content increases As a result, the magnetic 

moments of B sublattice increases for small Li content. 

 

2.7 Microstructure 

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

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

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

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

strongly on the nature of the microstructure. 

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

difference in crystallographic orientation between the neighbouring grains. For certain 

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

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

nature of ferrites leads to dislocation patterns considerably more complex than in metals, 

since electrostatic energy accounts for a significant fraction of the total boundary energy 

[2]. 

For low-loss ferrite, Ghate [1] states that the grain boundaries influence 

properties by 

1) creating a high ressistivity intergranular layer, 

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

growth modifiers, 

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

of cations near the boundaries. 

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

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

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

wells that pin the domain walls and require higher activation energy to detach. Stresses 

are microstructural imperfections that can result from impurities or processing problems 

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

much greater share of the degradation of properties than would expect [1]. 

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

can drastically change the nature and concentration of defects in the matrix, affecting 
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grain boundary motion, pore mobility and pore removal [2, 41]. The effect of a given 

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

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

segregates to the grain boundary. 

 

 

 

 

 

 

Fig. 2.12. Porosity character: (a) intergranular, (b) intragranular. 

 

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

and intergranular porosity, Fig. 2.12. An undesirable effect in ceramic samples is the 

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

excessive growth of some grains at the expense of small, neighbouring ones (Fig. 2.13). 

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

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

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

temperatures; in ferrites containing Zn and /or Mn, a low O2 partial pressure in the 

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

�duplex� microstructure.  

 

 

 

 

 

 
 

Fig. 2.13. Grain growth (a) discontinuous, (b) duplex (schematic). 
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2.8 Theories of Permeability 

Permeability is defined as the proportionality constant between the magnetic 

field induction B and applied field intensity H [2, 24, 34]: 

  HB          (2.7) 

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

permeability, Fig. 2.15 and is given by  

  
)0( 






H

i H

B
  

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

ac magnetic field can be written as 

  eHH 0
it        (2.8) 

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

presence of various losses and is thus expressed as 

  eBB 0
i(t-)        (2.9) 

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

is then given by 

  ///
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 (2.10) 

where   cos
0

0/

H

B
        (2.11) 

and   sin
0

0//

H

B
        (2.12) 

 

 

 

 

 

 

 

Fig. 2.14. Schematic magnetization curve showing the important parameter: initial permeability, i  (the 

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

magnetization range [2]. 
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The real part ( / ) of complex permeability (  ), as expressed in equation (2.10) 

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

normal permeability. If there are no losses, we should have /  . The imaginary part 

//  corresponds to that of B, which is delayed by phase angle 90˚ from H [23, 30]. The 

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

magnetization, regardless of the origin of delay. The ratio of //  to / , as is evident 

from equation (2.12) and (2.11) gives 

  








tan

cos

sin

0

0

0

0

/

//



H

B
H

B

      (2.13) 

This tan  is called loss factor.  

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

Quality factor
tan

1
        (2.14) 

And the relative quality factor, 




tan

/

Q     (2.15) 

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

the magnetic spectrum or permeability spectrum of the material [27]. The variation of 

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

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

movements. In dynamic measurements the eddy current loss is very important. This 

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

ferrimagnetic substance is the combined effect of the wall permeability and rotational 

permeability mechanisms.  

 

2.8.1 Mechanisms of Permeability 

The mechanisms can be explained as follows: A demagnetized magnetic 

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

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

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

direction of magnetization in one domain to that in the next. The equilibrium positions 
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of the walls result from the interactions with the magnetization in neighbouring domains 

and from the influence of pores; crystal boundaries and chemical inhomogeneities which 

tend to favour certain wall positions. 

 

2.8.1.1  Wall Permeability 

The mechanism of wall permeability arises from the displacement of the domain 

walls in small fields. Lets us consider a piece of material in the demagnetized state, 

divided into Weiss domains with equal thickness L  by means of 180˚ Bloch walls (as in 

the Fig. 2.15). 

 

 

 

 

 

 

Fig 2.15. Magnetization by wall motion and spin rotation. 

 

The walls are parallel to the YZ plane. The magnetization sM  in the domains is 

oriented alternately in the Z  or Z  direction. When a field H  with a component in 

the Z  direction is applied, the magnetization in this direction will be favoured. A 

displacement dx  of the walls in the direction shown by the dotted lines will 

decrease the energy density by an amount [35, 36]: 

     
L

dxHM zs2
 

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

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

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

     d
L

dxHM zs  

From the change in the magnetization 

     
L

dM
M s2

 , 
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the wall susceptibility w  may be calculated. Let H  makes the angle   with 

Z direction. The magnetization in the   direction becomes 

   cos
2

)(
L

dM
M s , And with cosHH z   and 

K

HM
d zs2
  

we obtain 

  
KL

M

H

M s
w


 

22 cos4)(



       (2.16) 

 

2.8.1.2 Rotational Permeability 

The rotational permeability mechanism arises from rotation of the magnetization 

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

E  as a function of the orientation. Major contribution to E  comes from the crystal 

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

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

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

inclusions and inhomogeneities. For small angular deviations, x and y  may be 

written as 

  
s

x
x M

M
  and 

s

y
y M

M
 . 

For equilibrium Z -direction, E  may be expressed as [36] 

  yyyxxx EEEE 22
0 2

1

2

1
   

where it is assumed that xand y  are the principal axes of the energy minimum. Instead 

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

yH  are often introduced. Their magnitude is 

given by 

  
s

xxA
x M

E
H

2
  and 

s

yyA
y M

E
H

2
 , 

A
xH  & A

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

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

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

are 
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A
x

s
xr H

M
,  and 

A
y

s
yr

H

M
, . 

For cubic materials it is often found that A
xH  and A

yH  are equal. For 

AA
y

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

shown in Fig. 2.15) the rotational susceptibility, cr ,  in one crystallite becomes 

     2
, sin

A
s

cr H

M
      (2.17) 

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

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

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

cr ,  of each crystallite, where the mutual influence of neighbouring crystallites has to 

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

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

be averaged. Snoek [36] assuming a linear averaging of cr , and found 

A
s

r H

M

3

2
  

The total internal susceptibility 

   
A
ss

rw
H

M

KL

M

3

2cos4 22




     (2.18) 

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

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

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

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

parameters are influenced by such factors as imperfection, porosity and 

crystallite shape and distribution which are essentially unknown.  

 

2.8.2 Frequency dependent Permeability Curve : 

 The techniques of impedance spectroscopy, widely used in dielectrics have been 

applied to magnetic materials [28]. In this method, impedance measurements as a 

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

are associated with the physical parameters of the material. The complex permeability, 
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µ* , is determined  from the  complex impedance ,Z *, by : 

 µ* = (jk/ω)Z *      (2.19) 

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

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

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

element is required (Irvine et al.) [37]. 

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.16. Permeability spectra of NiFe2O4 samples with different grain size: (a)11µm;(b) 5µm;(c)2 µm 

(d)size <0.2 µm( single domain behaviour) [2]  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.17. Permeability spectrum of a Ni-Zn sample at fields above (open circles) and below (filled circles) 

the critical field [38]. 
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Many of the specific applications of ferrites depend on their behaviour at high 

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

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

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

different time constants, Fig. 2.16. The low frequency dispersions are associated with 

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

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

mechanisms are wall bowing and wall displacement as discussed before in section 2.8. 

Any field results in a bowing of pinned walls, and if this field has higher value than the 

corresponding critical field, walls are unpinned and displaced. Otherwise, bowed walls 

remain pinned to material defects. Measurements at low fields therefore show only one 

wall dispersion. Measurements at high fields, several, complex dispersions are observed, 

such as those in Fig. 2.17. Wall displacement dispersion occurs at lower frequencies 

than wall bowing, since hysteresis is a more complex phenomenon of wall bowing, 

unpinning, displacement and pinning steps. 

 

 

 

 

 

 

 

 

 

 

Fig. 2. 18. (a) Schematic representation of the spin deviation from an easy axis by precessional spiralling 

into the field direction, (b) Precession is maintained by a perpendicular rf field, hrf [2]. 

 

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

only remaining megnetisation mechanism is spin rotation within domains. This 

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

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

as an external field is applied (out of the spins� easy direction), spins experience a 
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torque. However, the response of spins is not instantaneous; spins precess around the 

field direction for a certain time (the relaxation time, τ) before adopting the new 

orientation, Fig. 2.18.  

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

 ωL  =γ µo HT       (2.20) 

where HT is the total field acting on the spin.  

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

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

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

frequency is independent of the precession amplitude.  

 

2.9 Magnetization Mechanism 

2.9.1 Concept of Magnetic Domain and Domain Wall (Weiss Domain   

Structure) 

In 1907 Pierre Weiss in his paper �Hypothesis of the molecular field� [29, 39] 

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

into a number of regions of domains, each of which is magnetized to saturation level but 

the direction of magnetization from domain to domain need not be parallel. The 

magnetization vectors are parallel to preferred direction such that the demagnetization 

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

The total magnetization is then given by the vector summation of individual 

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

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

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

of the anti ferromagnetic interaction are spontaneously oriented parallel to each other 

(even without applied magnetic field) [40]. The applied field serves as a control in 

changing the balance of potential energy within the, magnetic material. These uniformly 

magnetized domains are separated by a thin layer in which the magnetization gradually 

changes from one orientation to another. This transition boundary is called domain wall 

or Bloch wall. 

 

The domain structure are found basically to reduce the magnetostatic energy i.e., 
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the magnetic potential energy contained in the field lines (or flux lines) connecting north 

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

simple case, as shown in Fig. 2.19, in which (a) to (e) represents a cross section of a 

ferromagnetic single crystal. In Fig. 2.19 (a) a single domain crystal is shown, the value 

of magnetostatic energy is high. The arrow indicates the direction of magnetization and 

hence the direction of spin alignment in the domain. If the crystal is divided into two 

domains (Fig. 2.19 (b), the magnetic energy will be reduced by roughly one half of the 

single domain case. This splitting process continues to lower the energy of the system 

until more energy is required to form the domain boundary. When a large domain is 

split into n domains, as shown in Fig. 2.19 (c) the magnetic energy will be reduced to 

approximately 1/n of the magnetic energy of that of type (a). For the domain structure 

configuration in Fig. 2.19 (d) and (e), the magnetic energy is zero as the flux circuit is 

completed within a crystal, (i.e., flux path never leaves the boundary of the material). 

These triangular domains are callled closure domains. Therefore the magnetostatic 

energy is reduced. This type of structure may also be found at the surface of the 

material.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.19. Possible domain structures showing progressively low energy .Each part is representing a cross-

section of a ferromagnetic single crystal [2, 28]. 
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The boundaries between the domains, are not sharp on atomic scale but are spread 

over a finite thickness within which the direction of the spin changes gradually from one 

domain to the next [39]. The spin within a domain wall as shown in Fig. 2.20, are 

pointing in necessary directions, so that the crystal anisotropy energy within the wall is 

higher than it is in the adjacent domains. The exchange energy tries to align the spin in a 

direction parallel to the direction in the domain while the anisotropy energy tries to 

make the wall thin to minimize misalignment within the easy directions. The actual 

thickness of the domain wall is determined by the counterbalance of the exchange 

energy and anisotropy energy. 

 

 

 

Fig. 2.20. Schematic representation of a domain wall. All spins, within the wall thickness are in non-

easy direction [27]. 

 

2.9.2 The dynamic behaviour of Domains 

 Two general mechanisms are involved in changing the magnetization in a 

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

acts by rotating the magnetization towards the direction of the field. Since this may 

involve rotating the magnetization from an axis of easy magnetization in a crystal to one 
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of more difficult magnetization, a certain amount of anisotropy energy is required. The 

rotations can be small as indicated in Figure 2.21(a) or they can be almost the equivalent 

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

magnetizing field is opposite to the original magnetization direction of the domain. The 

other mechanism for changing the domain magnetization is one in which the direction of 

magnetization remains the same, but the volumes occupied by the different domains 

may change. In this process, the domains whose magnetizations are in a direction closest 

to the field direction grow larger while those that are more unfavorably oriented shrink 

in size. Fig. 2.21(b) shows this process which is called domain wall motion.  

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

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

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

the center of the domain wall will move towards the domain opposed to the field. Thus, 

the area of the domain with favorable orientation will grow at the expense of its 

neighbour. 

 

 

 

 

 

 

 

 

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

Fig. 2.21. (a) Change of domain magnetization by domain wall movement and (b) Change of 

domain magnetization by domain rotation [28]. 

 

2.9.3 Bulk Material Magnetization 

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

can only be visualized by special means, for the purpose of magnetic structure they are 

important in explaining the process of magnetization. A material that has strongly 

oriented moments in a domain often has no resultant bulk material magnetization. Non-

magnetic material can be transformed into a strongly magnetic body by domain 

dynamics discussed above. If the material has been demagnetized, the domains point in 
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all random directions so that there is complete cancellation and the resultant 

magnetization is zero (Fig. 2.22). The possible steps to complete orientation of the 

domains or magnetization of the material are also shown in Fig. 2.22 [28]. 

 

 

 

 

 

 

Fig. 2.22. Stages in Magnetization of a sample containing several crystals [28]. 

 

2.9.4 The Magnetization Curve 

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

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

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

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

of domains complete alignment in one direction with elimination of domain walls. It can 

be started with the a demagnetized specimen and increase the applied magnetic field and 

then the bulk material will be progressively magnetized by the domain dynamics. The 

magnetization of the sample will follow the course as shown in Fig. 2.23 (a) [28]. The 

slope from the origin to a point on the curve or the ratio M/H is defined as magnetic 

susceptibility. This curve is called Magnetization Curve. This curve is generally 

percieved as being made of three major portions. 

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

by reversible domain wall movements and rotations. By reversible means that after the 

magnetization slightly with an increase in field the original magnetization conditions 

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

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

studied. 

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

the magnetization increases more drastically, is called the irreversible magnetization 

range. This range is obtained mainly by the irreversible domain wall motion from one 

stable state to another. 
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(a)                                                       (b) 

 

Fig. 2.23. Domain dynamics during various parts of the magnetization curve [28]. 

 

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

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

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

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

Beyond this range the magnetization gradually approaches to saturation magnetization. 

(Fig. 2.23 (b)) 
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CHAPTER 3 

SAMPLE FABRICATION, CHARACTERIZATION AND 

EXPERIMENTAL TECHNIQUES 

 

3.1 Introduction 

To achieve high permeability, high flux density, low loss and good homogenous product 

are apparently highly sensitive to the composition and manufacturing process. Many 

processing methods have been proposed but are mainly divided into two groups; 

1. Conventional ceramic method, i.e., solid state reaction technique, involves 

milling of the reactants followed by heating at elevated temperatures range. 

2. Non conventional method also called wet method. Among these methods, 

some are [1, 2]: 

 Sol-gel synthesis  

 Co-precipitation 

  Organic precursor method  

  Co-spray roasting  

  Freeze drying 

  Combustion synthesis 

  Glass Crystallization 

  Activated sintering 

  Fused  salt synthesis 

Presently, the conventional Ceramic process or Solid State Reaction technique is 

mostly preferred to produce ferrite powders. In this chapter, we describe the solid state 

reaction method that is used in this research work. 
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3.2 Conventional Solid State Reaction Method 

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

from the appropriate amount of raw mineral oxides or carbonates by crushing, grinding 

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

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

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

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

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

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

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

or oxygen at 600C. For some time, this process is continued until the mixture is 

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

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

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

Sintering is carried out in the solid state, at temperature ranging 1100-1400C, for times 

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

shows, diagrammatically, the stages followed in ferrite preparation. 

The general solid state reaction leading to a ferrite MeFe2O4 may be represented as 

  MeO + Fe2O3        MeFe2O4 

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

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

ratio which they will have in the final product, 

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

3) Grinding the calcined powders and pressing the fine powders into the required 

shape, and 

4) Sintering to produce a highly densified product. 

3.3  Details of Calcining, Pressing and Sintering 

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

composition of mixed powders by heating them for a certain time at a high temperature 
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and then allowing it to cool slowly. During the calcining stage, the reaction of Fe2O3 

with metal oxide (say, MeO or Me2O3) takes place in the solid state to form spinel 

according to the reactions [7]:    

    MeO + Fe2O3           MeFe2O4 (Spinel) 

2Me2O3 +4Fe2O3            4MeFe2O4 (Spinel) + O2  

The NiO, MgO and Li2CO3 creeps into Fe2O3 as below, to form an intermediate phase  

            Fe2O3 + NiO             NiFe2O4 

                            5Fe2O3 +  Li2CO3               4 Li0.5Fe2.5O4 +CO2 

         Fe2O3 + MgO              MgFe2O4 

And lastly 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

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

(0.60-2x) NiFe2O4 + (0.40)MgFe2O4 + 2x Li0.5Fe2.5O4   LixMg0.4Ni0.6-2xFe2+xO4. 
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The calcining process can be repeated several times to obtain a high degree of 

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

characteristics of fine powders are [2]: 

1) small particle size (sub micron) 

2) narrow distribution in particle size 

3) dispersed particles 

4) equiaxed shape of particles 

5) high purity 

6) homogeneous composition. 

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

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

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

small. A narrow size distribution of spherical particles as well as a dispersed state is 

important for compaction of the powder during green-body formation. Grain growth 

during sintering can be better controlled if the initial size is small and uniform. 

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

5wt % [2]. Binders are polymers or waxes; the most commonly used binder in ferrite is 

polyvinyl alcohol. The binder facilitates the particles flow during compacting and 

increases the bonding between the particles, presumably by forming bonds of the type 

particle-binder-particle. During sintering, binders decompose and are eliminated from 

the ferrite. Pressures are used for compacting very widely but are commonly several 

tons per square inch (i. e., up to 108 N m-2). 

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

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

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

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

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

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

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

sintering process are: 

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

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

calcining step.  

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

following empirical relationship regarding rate of grain growth: 



d =ktn  

where 


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

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

Stage 1.  Contact area between particles increases, 

Stage 2.  Porosity changes from open to closed porosity, 

Stage 3.  Pore volume decreases; grains grow. 

 

 

 

 

 

 

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

stage, and (d) final stage. 

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

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

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

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

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

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

enhanced and the remaining pores may become isolated. 

In Li-Mg-Ni ferrites, the presence of Li complicates the sintering process because 

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

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

alternative firings to achieve high density: 

1) Low sintering temperature excluding O2 (Vacuum, argon, nitrogen), 

2) High temperature in pure oxygen to reduce Li loss. 
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Accordingly, other properties correlated along with density: 

1) Lattice constant is greater for O2, smaller for vacuum 

2) Curie temperature is greater for vacuum, smaller for O2 

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

3.4 Preparation of the Present Samples 

The Polycrystalline ferrite with nominal chemical composition  

LixMg0.4Ni0.6-2xFe2+xO4 (where x = 0.0 to 0.3 in steps of 0.05) were prepared by standard 

solid state reaction technique. Commercially available powders of NiO (99.9%), MgO 

(99.9%), Li2CO3 (99+ %), Fe2O3 (99.9%), will be mixed thoroughly in an appropriate 

amount by ball milling. The mixed powders were calcined at 600˚C for 6 hours. The 

calcined powders were then pressed into disk- and toroid-shaped samples. The samples 

were sintered at 1050, 1100, 1150 and 1200˚C for 6 h in air. The heating and cooling 

rates for sintering were 5˚C/min. 

 

 

 

 

 

Fig. 3.3. Sample (a) disk shaped, (b) Toroid shaped. 
 

3.5 X-ray Diffraction 

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

is not changed on reflection. Let a beam of monochromatic radiation of wavelength  is 

incident on a periodic crystal plane at an angle  and is diffracted at the same angle as 

shown in Fig. 3.4. 

When constructive interference occurs, from Fig 3.4 (a) it can be written as , 

nλ= AB + BC 

As, AB=BC, n λ = 2AB 

Again from Fig 3.4(b), sinθ=AB/d 

So, AB=d sinθ 
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i.e.  nSind 2       (3.1) 

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

represents the order of reflection. Equation (3.1) is known as Bragg law. This Bragg law 

suggests that the diffraction is only possible when  ≤ 2d [11]. For this reason we 

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

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

Fig. 3.4. Bragg law of diffraction. 

 

X-ray diffraction was  carried out using RIGAKU Smart-lab with rotating anode, 

Lyon Institute of Nanotechnology,France, using Cu-Kα Xray diffractometer  (α = 

1.540593 Å). Basic features of a XRD experiments is shown in Fig. 3.5 respectively. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5. Basic Features of Typical XRD Experiment 

    

pdfMachine  
 A pdf writer that produces quality PDF files with ease! 

Produce quality PDF files in seconds and preserve the integrity of your original documents. Compatible across 
nearly all Windows platforms, simply open the document you want to convert, click “print”, select the 

“Broadgun pdfMachine printer” and that’s it! Get yours now! 

http://www.pdfmachine.com?cl


Chapter 3                                                 Sample Fabrication, Characterization and Experimental Techniques 

  55

The lattice parameter for each peak of each sample was calculated by using the 

formula 

  222 lkhda         (3.2) 

where h, k and l are the indices of the crystal planes. To determine the precise lattice 

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

F() is given as  

       //
2

1
)( 22 CosSinCosF      (3.3) 

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

against F(). Then using a least square fit method exact lattice constant 'ao' is 

determined. The point where the least square fit straight line cut the y-axis  

(i.e. at F() = 0) is the actual lattice constant of the sample. The theoretical density th  

was calculated using following expression: 

  3
3

/
8

cmg
aN

M

oA
th         (3.4) 

where NA is Avogadro's number (6.02  1023 mol-1), M is the molecular weight. The 

porosity was calculated from the relation {100(ρth- ρB)/ ρth}%, where ρB  is the bulk 

density measured by the formula ρB = M/V [12].  

 

3.6 Microstructural Investigation 

The microstructural study was performed in order to have an insight of the grain 

structures. The samples of different compositions and sintered at different temperatures 

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

optical microscope (Koehler Illuminator MA 1109, Swift Instruments, Inc.) and then 

photographed. Average grain sizes (grain diameter) of the samples were determined 

from optical micrographs by linear intercept technique [3]. To do this, several random 

horizontal and vertical lines were drawn on the micrographs. Therefore, we counted the 

number of grains intersected and measured the length of the grains along the line 

traversed. Finally the average grain size was calculated. 
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3.7. Complex Permeability Measurement 

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

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

fulfill this requirement. The techniques of permeability measurement and frequency 

characteristics of the present samples are described in sections 3.7.1 and 3.7.2. 

3.7.1 Techniques for the Permeability Measurement  

Measurements of permeability normally involve the measurements of the change 

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

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

inductance 0L . On insertion of a magnetic core with permeability , the inductance will 

be 0L . The complex impedance Z  of this coil [1] can be expressed as follows: 

  )( ///
00  jLjLjjXRZ      (4.5) 

where the resistive part is               //
0LR    (4.6) 

and the reactive part is                      /
0LX   (4.7) 

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

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

quantity Lo is derived geometrically as shown in section 3.7.2. 

3.7.2 Frequency Characteristics of the present samples 

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

spectra were investigated using and Agilent Precision Impedance Analyzer (model no. 

4294A). The complex permeability measurements on toroid shaped specimens were 

carried out at room temperature on all the samples in the frequency range 300 kHz - 110 

MHz. The real part )( /
i  and imaginary part )( //

i  of the complex permeability were 

calculated using the following relations [4]: 0
/ LLsi   and  tan///

ii  , where Ls is 

the self-inductance of the sample core and dSNL o  2
0   is derived geometrically. 

Here Lo is the inductance of the winding coil without the sample core, N is the number 
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of turns of the coil (N = 5), S is the area of cross section of the toroidal sample as given 

below:  

hdS  , 

where  
2

12 dd
d


 , 

  1d  Inner diameter, 

  2d  Outer diameter,  
h  Height 

and 


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

  
2

21 dd
d


  

The relative quality factor is determined from the ratio




tan

/
i . 

3.8 DC Magnetization measurement at room temperature 

 The DC magnetization (M) measurements were made using a VSM (Vibrating 

Sample magnetometer) at room temperature, made by the Department of Physics, 

Bangladesh University of Engineering Technology (BUET). Diameter of the sample 

was made as it fit to the sample rod finely. In VSM the sample is vibrated at 37 Hz 

frequency and magnetization strength is found from the magnitude of the emf induce in 

the sense coils placed in proximity with sample. The block diagram of the VSM is 

shown in Fig. 3.7. The pickup coils are mounted with axis perpendicular to 

magnetization field so as to minimize error signals arising from field fluctuations. The 

transmission of vibrations at a measured frequency must be carefully avoided, attaching 

a small permanent magnet to the remote part of the vibrating system. This moves its 

own pickup coils and provides a reference signal against which the signal produced by 

the sample can be measured accurately. 
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Fig. 3.6. Block diagram of vibrating sample magnetometer (VSM) 
 

Magnetization values of all samples were recorded by setting up the magnet at a 

maximum applied field of 8 K Gauss. For the calculation of saturation magnetization, 

the values are obtained in milivolts (mV), these values are then calibrated in emu using 

nickel standard of value 1mv=0.279304 emu. The calculated values are then divided by 

mass of the respective sample to obtain the values in emu/g for each sample. 
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CHAPTER 2 

LITERATURE REVIEW 

 

2.1  Overview of the Materials 

Ferrites commonly expressed by the general chemical formula MeO.Fe2O3, 

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

(1909) focused on the usefulness of ferrites at high frequency [1]. A systematic 

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

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

same materials [1]. Snoek's extensive works on ferrites unveiled many mysteries 

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

permeability materials of cubic structure. This particular structure for symmetry reasons 

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

spinels of the type MeZnFe2O4, where Me stands for metals like Cu, Mg, Ni, Co or Mn, 

for which permeability were found to be up to 4000 [1-2 ,3]. Here after starts the story 

of Li-ferrites. Lithium ferrites became commercially important as computer memory 

core materials in the early 1960�s. The high Curie temperature, leading to unparalleled 

thermal stability, the excellent hysteresis loop properties, and the high saturation 

magnetization all prompted this commercial interest. For many of the same reasons 

there was considerable development effort aimed at providing micro-wave quality 

lithium ferrites [4-7]. The principal interest in microwave lithium ferrites is a low-cost 

replacement for the rare earth-iron garnets, offering competitive or improved 

temperature performance. Lithium ferrites with magnetizations comparable to the 

garnets are very refractory due to the high concentration and nature of the substituent 

elements, which requires relatively high sintering temperatures. This type of heat 

treatment causes the volatility of Li2O [8, 9] which results in some reduction of iron. For 

this reason lithium ferrites were considered difficult to prepare with low dielectric loss. 

In addition, these lower magnetization lithium ferrites were characterized by high 

porosities, and as a result, high coercive forces and broad resonance line-widths were 

experienced [10]. 

The structural and elastic properties of Li-Ni ferrite was studied by  

Bhatu et al. [11]. The observed increase in magnitude of elastic constants, elastic wave 
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velocities and infrared spectral analysis is found easier, valid and suitable for spinel 

ferrite. 

The effect of magnetic properties of Ni concentration in Li-Zn ferrite was studied 

by I. Soibam et al.[12]. From their investigation of saturation magnetization, Curie 

temperature and Mossbaur studies, it has been observed that Ni substitution greatly 

affects the magnetic properties of the Li-Zn ferrite system. The value of saturation 

magnetization and Curie temperature was observed to decrease with increase in the Ni 

concentration in their system. Magnetic studies of cobalt substituted lithium zinc ferrites 

was also studied by I. Soibam. Magnetisation measurement indicated that cobalt shows 

anomalous behaviour when substituted in lithium ferrites in the presence of Zn.[13] 

The structure and magnetic properties of spinel-related Mg-doped Li0.5Fe2.5O4 

nano-crystalline particles prepared by milling a pristine sample, Li0.41Fe2.41Mg0.17O4 for 

different times were investigated by H M Widatallah et al [14]. The saturation 

magnetization and Curie temperature were found to decrease and the material 

increasingly turned super-paramagnetic as milling proceeded. The coercivity and the 

magnetization increased initially and later decreased at higher milling times.  

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

preparation and often plays a dominant role in many magnetic properties. Tasaki et al. 

[15] studied the effect of sintering atmosphere on permeability of sintered ferrite. They 

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

However, permeability decreased in an atmosphere without O2 at high sintering 

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

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

low sintering temperature a high permeability is obtained in an atmosphere without O2 

because densification and stoichiometry plays a principal role in increasing 

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

presence of O2 because the effect of decrease of Zn content can then be neglected. 

Studying the electromagnetic properties of ferrites, Nakamura [16] suggested 

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

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

permeability and electrical resistivity.  
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High permeability attainment is certainly affected by the microstructure of the 

ferrites. Roess showed that [17] the very high permeability is restricted to certain 

temperature ranges and the shapes of permeability versus temperature curves are 

strongly affected by any inhomogeneity in the ferrite structure. 

Leung et al. [18] performed a Low-temperature Mössbauer study of a nickel-zinc 

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

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

of A- and B-site Fe-spin moments exist. An explanation based on the relative strength of 

the exchange constant ABJ  and BBJ  is given to account for this difference. 

Rezlescu et al. [19][1 reported that the sintering behaviour and microstructure of 

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

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

evaporation is minimized [20]. 

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

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

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

Globus [21] shows that the intrinsic rotational permeability r  and 1800 wall 

permeability w  may be written as: KM sr /21 2   and  4/31 2 DM sw  , 

where Ms is the saturation magnetization, K is the total anisotropy, D is the grain 

diameter and   Kw is the wall energy.  

El-Shabasy [22] studied the DC electrical resistivity of ZnxNi1-xFe2O4 ferrites. He 

shows that the ferrite samples have semiconductor behaviour where DC electrical 

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

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

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

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

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

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

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

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

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

    

pdfMachine  
 A pdf writer that produces quality PDF files with ease! 

Produce quality PDF files in seconds and preserve the integrity of your original documents. Compatible across 
nearly all Windows platforms, simply open the document you want to convert, click “print”, select the 

“Broadgun pdfMachine printer” and that’s it! Get yours now! 

http://www.pdfmachine.com?cl


Chapter 2                                                                                                                                  Literature Review 

 8 

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

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

substitution is that, zinc is less resistive ( 92.5 cm ) than nickel 

( 99.6 cm ). The main conductivity mechanism in ferrites is attributed to electron 

hopping between 3Fe and 2Fe  in octahedral sites. Resistivity in spinels is very 

sensitive to stoichiometry; a small variation of Fe content in yxOFeNiZn  423.07.0  results 

in resistivity variations of 710~ . Excess Fe can easily dissolve in spinel phase by a 

partial reduction of Fe from 3
3
23 OFe   to 4

3
2

22 OFeFe   (and 22/1 O ) [2]. 

 

2.2 Magnetic Ordering 

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

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

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

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

wave function with those of neighbouring atoms. This condition is best fulfilled by 

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

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

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

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

becomes ferromagnetic below a certain temperature TC called the Curie temperature. 

The common spin directions are determined by the minimum of magneto-crystalline 

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

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

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

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

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

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

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

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

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

When negative exchange dominates, adjacent atomic moments (spins) align antiparallel 
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to each other, and the substance is said to be anti-ferromagnetic below a characteristic 

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

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

parallel alignment. This result is zero net magnetization. A special case of anti-

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

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

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

spontaneous magnetization. At the macroscopic level of domain structures, 

ferromagnetic and ferrimagnetic materials are therefore similar. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.1. Temperature dependence of the inverse susceptibility for: (a) a diamagnetic material; (b) a 

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

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

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

behaviour for T>TC. 
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The Curie and Néel temperatures characterize a phase transition between the 

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

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

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

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

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

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

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

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

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

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

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

)/( CTTC  [2, 27]. 

 

2.3 Crystal Structure of Spinel Ferrites 

2.3.1 Ionic Charge Balance and Crystal Structure of Cubic Spinel Ferrite: 

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

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

Between the layers of oxygen ions, if we simply visualize them as spheres, there are 

interstices that may accommodate the metal ions. Now, the interstices are not all the 

same; some which are called A sites are surrounded by or coordinated with 4 nearest 

neighbouring oxygen ions whose lines connecting their centers form a tetrahedron. 

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

coordinated by 6 nearest neighbor oxygen ions whose center connecting lines describe 

an octahedron. The B sites are called octahedral sites (Fig. 2.2(b)). In the unit cell of 32 

oxygen ions, there are 64 tetrahedral sites and 32 octahedral sites. If all of these were 

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

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

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

octahedral sites, only 16 are occupied. If, as in the mineral, spinel, the tetrahedral sites 

are occupied by divalent ions and the octahedral sites are occupied by the trivalent ions, 

the total positive charge would be 8x (+2) = +16 plus the 16x (+3) =+48 or a total of 
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+64 which is needed to balance the 32x (-2) = -64 for the oxygen ions. There would then 

be eight formula units of MO.Fe2O3 or MFe2O4 in a unit cell. A spinel unit cell contains 

two types of subcells . The two types of subcells alternate in a three- dimensional array 

so that each fully repeating unit cell requires eight subcells. 

 The crystallographic environments of the A and B sites are distinctly different. 

The unit cell contains so many ions that a two-dimensional drawing of the complete  

cell would not be very informative. Instead we can consider a unit cell of edge a, to be 

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

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

two lower-left octants in Fig. 2.2(c) are shown in Fig. 2.2(d). One tetrahedral site occurs 

at the center of the right octant of Fig. 2.2(d), and other tetrahedral sites are at some but 

not all octant corners. Four octahedral sites occur in the left octant; one is connected by 

dashed lines to six oxygen ions, two of which, shown dotted, are in adjacent octants 

behind and below. The oxygen ions are arranged in the same way, in tetrahedra, in all 

octants. Not all of the available sites are actually occupied by metal ions. Only one-

eighth of the A sites and one-half of the B sites are occupied, as shown in Table 2.1 [2]. 

In the mineral spinel, MgO.Al2O3, the Mg2+ ions are in A sites and the Al3+ions are in B 

sites.  

Some ferrites MO.Fe2O3 have exactly this structure, with M2+ in A sites and Fe3+ 

in B sites. This is called the normal spinel structure. If 8 divalent (M) ions occupy the A-

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

site, the structure is said to be Normal spinel. 

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

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

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

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

ferrites, however, have the inverse spinel structure, in which the divalent ions are on B 

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

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

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

The normal and inverse structures are to be regarded as extreme cases, because 

X-ray and neutron diffraction show that intermediate structures can exist. Thus 
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manganese ferrite is almost, but not perfectly, normal; instead of all the Mn2+ ions being 

on A sites, a fraction 0.8 is on A sites and 0.2 on B sites. Similarly, magnesium ferrite is 

not quite inverse; a fraction 0.9 of the Mg2+ ions is on B sites and 0.1 on A sites. The 

distribution of the divalent ions on A and B sites in some ferrites can be altered by heat 

treatment; it may depend, for example, on whether the material is quenched from a high 

temperature or slowly cooled. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2.2. Crystal structure of a cubic ferrite [27]. 
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Table 2.1 Arrangements of Metal Ions in the Unit Cell of a Ferrite MO.Fe2O3 [27] 

 

. 

 

 

 

 

 

 

 

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

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

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

The oxygen ions connected with the octahedral sites move in such a way as to shrink the 

size the octahedral cell by the same amount as the tetrahedral site expands. The 

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

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

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

where ao is the lattice constant [1]. 

 

2.3.2 Site Preferences of the Ions 

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

determined by; 

1. The ionic radii of the specific ions 

2. The size of the interstices 

3. Temperature 

4. The orbital preference for specific coordination 

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

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

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

the outer orbits inward). The octahedral sites are also larger than the tetrahedral [28]. 

Therefore, it is reasonable that the trivalent ions such as Fe3+ would go into the 

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

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

Occupants 
 

Kind of Site 

Number 

Available 

 

Number 

Occupied 

 
Normal Spinel Inverse Spinel 

Tetrahedral (A) 64 8 8M2+ 8 Fe3+ 

Octahedral (B) 32 

 
16 16 Fe3+ 

 8 Fe3+ 

8 M2+ 
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configuration is favorable for tetrahedral bonding to the oxygen ions. Thus Zn takes 

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

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

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

while other ions have weaker preferences [28]. 

 

2.3.3 Unit Cell Dimensions 

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

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

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

that show that the packing is not ideal. The positions of the ions in the spinel lattice are 

not perfectly regular (as the packing of hard spheres) and some distortion does occur. 

The tetrahedral sites are often too small for the metal ions so that the oxygen ions move 

slightly to accommodate them. The oxygen ions connected with the octahedral sites 

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

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

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

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

distance is theoretically equal to 3/8ao. The unit cell length of Li-Ferrite, Ni ferrite and 

Mg Ferrite are observed to be 8.33 Å, 8.3390 Å and 8.36 Å respectively [2]. 

 

2.4 Cation Distribution of Spinel Ferrites 

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

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

4
3
2

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

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

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

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

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

summarized as [2, 25-26] 

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

2 ][ OMeMe  , 

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

23 ][ OMeMeMe  . 
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A completely normal or inverse spinel represents the extreme cases. There are many 

spinel oxides which have cation distributions intermediate between these two extreme 

cases and are called mixed spinels.  

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

  4
3
1

2
1

3
1

2 ])[( OMeMeMeMe xxxx












  

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

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

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

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

below: 

 Li Ferrite :      (Fe3+)[ Li0.5Fe1.5
3+] O4 [2,10] 

 Ni Ferrite :             (Fe3+)[ Ni 2+Fe3+] O4 [2, 42] 

 Mg Ferrite :             (Mg1-xFe3+)[Mgx Fe2-x
 3+] O4 [2, 43] 

    where x is the  degree of inversion.  

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

ferrite. 

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

   [31]                            

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

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

prepared by mixing two or more different types of metal ions 

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

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

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

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

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

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

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

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

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

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

electrostatic attraction and so pulls the outer orbits inward). The octahedral sites are also 
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larger than the tetrahedral. Therefore, it would be reasonable that the trivalent ions Fe3+ 

(0.73Å) would go into the tetrahedral sites and the divalent ions Fe2+ (0.86Å) go into the 

octahedral. Two exceptions are found in Zn2+ and 2Cd  which prefer tetrahedral sites 

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

ions. It is known that Li1+(0.82Å), Ni2+(0.73Å) and Mg2+(0.80Å) ions occupy B sites 

[6]. Hence the factors influencing the distribution the cations among the two possible 

lattice sites are mainly their ionic radii of the specific ions, the size of the interstices, 

temperature, the matching of their electronic configuration to the surrounding anions 

and the electrostatic energy of the lattice, the so-called Madelung energy, which has the 

predominant contribution to the lattice energy under the constrain of overall energy 

minimization and charge neutrality. 

 

2.5 Interaction Between Magnetic Moments on Lattice Sites 

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

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

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

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

superexchange interaction is expected to occur between octahedral and tetrahedral 

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

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

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

of a tetrahedral, an octahedral and an anion site are shown in Fig. 2.3. The interaction is 

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

  

 

  

 

 

 

 

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

interactions [28, 29]. 

 

 

 

 

 

 

 

 

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

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

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

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

undistorted spinel, the A-O-B angles are about 125˚ and 154˚ [1-2, 24]. The B-O-B 

angles are 90˚ and 125˚ but in the latter, one of the B-O distances is large. In the A-A 

case the angle is about 80˚. Therefore, the interaction between moments on the A and B 

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

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

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

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

between the tetrahedral and octahedral sites is shown in Fig. 2.4. An individual A site is 

interacted with a single B site, but each A site is linked to four such units and each B 

site is linked to six such units. Thus, to be consistent throughout the crystal, all A sites 

and all B sites act as unified blocks and are coupled antiparallel as blocks [28]. 

 

Distances M-O Distances M-M 

p = a(  � u) 

q = a(u-  )  

r = a(1+u)  

s= a( +8)  

b =(a/4)  

c =(a/8)  

d =(a/4)  

e =(3a/8)  

f  =(a/4)  
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2.6 Magnetism in Spinel Ferrite 

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

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

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

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

crystal has no resultant moment from this source. Moreover this orbital-lattice coupling 

is so strong that the application of a magnetic field has little effect upon it. The spin axes 

are not tightly bound to the lattice as are the orbital axes. The anions surrounding a 

magnetic cation subject it to a strong inhomogeneous electric field and influence the 

orbital angular momentum. However, the spin angular momentum remains unaffected. 

For the first transition group elements this crystal field effect is intense partly due to the 

large radius of the 3d shell and partly due to the lack of any outer electronic shell to 

screen the 3d shell whose unpaired electrons only contribute to the magnetic moment. 

We have originally defined the magnetic moment in connection with permanent 

magnets. The electron itself may well be called the smallest permanent magnet [1]. For 

an atom with a resultant spin quantum number S, the spin magnetic moment will be 

    BSSg  )1(   

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

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

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

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

magnet to which the electron is equivalent.  

 

 

 

 

 

 

 

 

Fig. 2.5. Electronic configuration of atoms and ions [28]. 
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Fig. 2.5 illustrates the electronic configuration of Fe atoms and Fe3+ ions. Fe atom has 

four unpaired electrons and 3Fe ion has five unpaired electrons. Each unpaired electron spin 

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

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

remaining after these processes occur that gives the net magnetic moment [1]. According to the 

Hund�s rules the moment of Fe atom and Fe 3+ion are B4  and B5  respectively. Similarly the 

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

 

2.6 .1 Magnetic Moments of Some Spinels Ferrites: 

2.6.1.1 Inverse Spinels 

 

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

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

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

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

with the measured values [28]. Because the effect of thermal agitation on the magnetic 

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

magnetons is always referred to the value at absolute zero or 0˚K. This is usually done 

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

theoretical values can be attributed to several factors, namely: 

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

predicted. 

 The orbital magnetic contribution may not be zero as assumed. 

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

  other words, they may be canted. 

 

2.6.1.2 Normal versus Inverse Spinels 

 Although some spinels are either normal or inverse, it is possible to get different 

mixtures of the two. Often, the ratio of the two will depend on the method of 

preparation. Some of the first ferrites studied by Neel (1948) were ones that contained 

Mg and Cu which by thermal treatment reduced the Fe3+ on the tetrahedral A sites of the 

inverse spinel. As a result, there was an imbalance of the Fe3+ ions on the two sites and 

    

pdfMachine  
 A pdf writer that produces quality PDF files with ease! 

Produce quality PDF files in seconds and preserve the integrity of your original documents. Compatible across 
nearly all Windows platforms, simply open the document you want to convert, click “print”, select the 

“Broadgun pdfMachine printer” and that’s it! Get yours now! 

http://www.pdfmachine.com?cl


Chapter 2                                                                                                                                  Literature Review 

 20 

thus a magnetic moment. Even Zn ferrite, Zn [Fe2] O4, with a higher than 50 mole 

percentage of Fe2O3 and a special firing can have a small moment [28]. 

From the Table 2.2, it is observed that experimental magnetic moment of 

Li0.5Fe2.5O4, MgFe2O4 and NiFe2O4 are 2.6, 1.1 and 2.3 respectively. 

 

Table 2.2. Magnetic moment of Some Simple Ferrite [28]. 

 

                       Magnetic Moment (µB)  Ferrite 

Experimental Theoretical 

MnFe2O4 4.6 5 

FeFe2O4 4.1 4 

CoFe2O4 3.7 3 

NiFe2O4 2.3 2 

CuFe2O4(Quenched) 2.3 1 

MgFe2O4 1.1 0 

Li0.5Fe2.5O4 2.6 2.5 

γ-Fe2O3 2.3 2.5 

  

 

2.6.2 Exchange Interactions in Spinel  

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

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

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

consists of the orbital and spin motions. Usually the net quantum number is written as S, 

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

The exchange interactions coupling the spins of a pair of electrons are proportional to 

the scalar product of their spin vectors [23, 26, 30] 

     


 jiijij SSJV .2 .     (2.1) 

where ijJ is the exchange integral given in a self explanatory notation by 
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  In this expression r �s are the distances, subscripts i and j refer to the atoms, 1 and 2 

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

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

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

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

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

charge distributions, sometimes partially and sometimes completely making the direct 

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

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

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

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

depends on the geometry of arrangement of the two interacting cations and the 

intervening anion. Both the distance and the angles are relevant. Usually only the 

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

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

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

magnetic order depends on their relative strength.  

The super-exchange mechanism between cations that operate via the 

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

Anderson and Van Vleck [23, 26]. A simple example of superexchange is provided by 

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

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

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

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

The phenomenon of super-exchange is considered to be due to an overlap between the 

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

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

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

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

 

 

 

 

 

 

 

 

 

 

Fig. 2.6. Illustrating super-exchange in MnO. 

 

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

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

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

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

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

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

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

oxygen ion now has a moment of B1  and if there is negative interaction between the 

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

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

essential part in producing anti-ferromagnetism in the oxide. Moreover, because of the 

dumbbell shape of the 2p orbits, the coupling mechanism should be most effective when 

the metal ions and the oxygen ions lie in one straight line, that is, the angle between the 

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

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

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

two transition metal cations separated by an O, Fig. 2.7. 
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Fig. 2.7. Schematic representation of the superexchange interaction in the magnetic oxides. The p orbital 

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

 

The O2- has no net magnetic moment since it has completely filled shells, with p-type 

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

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

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

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

O2-, partial electron overlap (between a 3d electron from the cation and a 2p electron 

form the O2-) can occur only for anti-parallel spins, because electrons with the same spin 

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

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

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

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

to take place for cationO2-
cation angles close to 180° [2]. 

 

2.6.3 Néel Theory of Ferrimagnetism  

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

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

1) different elements in different sites, 

2) same element in different ionic states, and 

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

the same spin. 

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

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

molecular fields acting on the two sub-lattices A and B can be written as [2, 23-27] 
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BABAAAA MMH


  , 

BBBAABB MMH


   

where AM


 and BM


 are the magnetizations of the two sub-lattices and  �s are the 

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

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

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

also negative, though they are in general quite small. 

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

then given by 

BABAAAA MMH


  , 

BBBAABB MMH


   

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

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

Let ABAA    

and ABBB    

In an external applied field H


, the fields acting on A and B sites are 

)( BAABA MMHH


  , 

)( BAABB MMHH


   

At temperatures higher than the transition temperature, NT , AH


, AM


 and BM


 are all 

parallel and we can write 

)]([ BAAB
A

A MMH
T

C
M



  ,    (2.3) 

)]([ BAAB
B

B MMH
T

C
M



      (2.4) 

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

 Here, KSSgNC AABAA 3)1(2   and KSSgNC BBBBB 3)1(2    

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

BS are their spin quantum numbers. Solving for the susceptibility,  , one gets [2,27]  
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Where C , 0 , b and   are constants for particular substance and are given by  

BA CCC   

 ]2[
11 22

2
0

ABBABBBAAA CCCC
C


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}])({2 2

BBAAABBBAAABBACC    

 ABBBAB
BA

C

CC
 2)(   

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

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

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

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

Curie-Weiss law: 

 
)/( 0


CT

C


  

This is the equation of straight line, shown dashed in Fig. 2.9, to which the 1/ versus T 

curve becomes asymptotic at high temperatures.  

 

 

 

 

 

 

 

 

 

Fig. 2.8. The temperature dependence of the inverse susceptibility for ferrimagnets. 
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The Ferrimagnetic Curie temperature CT  is obtained from equations (2.3) and (2.4) with 

0H and setting the determinant of the coefficients of iM  equal to zero. This gives 

 ]}4){([
2

1 222
ABBABBBAAABBBAAAC CCCCCCT     (2.6) 

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

The experimental Curie temperature, the temperature at which the susceptibility 

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

Curie temperature [27]. This disagreement between theory and experiment in the region 

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

temperatures above experimental CT [2, 27]. 

 

The sub-lattice magnetizations will in general have different temperature dependences 

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

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

Fig. 2.9. For most ferrimagnets the curve is similar to that of ferromagnets, but in a few 

cases there be a compensation point in the curve, Fig. 2.9(c) [1, 27]. At a point below 

the Curie temperature point, the two sub-lattice magnetizations are equal and thus 

appear to have no moment. This temperature is called the compensation point. Below 

this temperature one sub-lattice magnetization is larger and provides the net moment. 

Above this temperature the other magnetization does dominates and the net 

magnetization reverses direction. 

The essential requisite for Néel configuration is a strong negative exchange interaction 

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

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

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

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

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

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

expected either in the A or in the B sub-lattice. Under certain conditions there may be 

non-collinear spin arrays of still lower energy.  
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Fig. 2.9. Superposition of various combinations of two opposing sublattice magnetizations producing 

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

 

2.6.4 Effect of Magnetic Moments in LixMg0.4Ni0.6-2xFe2+xO4 Spinel Ferrites 

43OFe  has ferromagnetic properties because of its inverse structure which leads 

to the formation of domains. A unit cell of 43OFe  contains eight formula units each of 

which may be written in the form  2
4

323 ][ OFeFeFe [25]. Snoek and his co-workers 

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

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

substituted for the divalent Fe2+ ions in 43OFe . An extensive range of ferrites could thus 

be made having the general formula 








 2
4

323 ][ OFeMFe , where arrows indicate spin 
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ordering. Since the trivalent iron ions are equally distributed on A and B sites they 

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

theoretically the same as the magnetic moment of the divalent ion. The Ni ferrite has a 

moment of B3.2  compared with a theoretical value of B2 [1].  

Li ferrite is a inverse spinel, with Li1+ ions having no 3d shell�s electron in A 

sites have zero magnetic moment; Fe3+ ions in B sites have a magnetic moment B5 . 

The cation distribution can be written as 







 2

4
313 ][ OFeLiFe , where spin ordering is 

indicated by arrows. Again, Ni ferrites have inverse spinel structure and its formula may 

be written as 








 2
4

323 ][ OFeNiFe . On the other hand Mg ferrites have inverse spinel 

structure and its formula may be written as 









 2

42
323

1
2 ][ OFeMgFeMg xxx , where x is 

the degree of inversion. 

The magnetic spins on each of the sites are antiparallel; so, the octahedral site is 

dominant. For reduction of magnetization a nonmagnetic ion (or magnetic ion having 

fewer spins than Fe3+) is introduced on the octahedral sites as a replacement for Fe3+.To 

increase the magnetization, a non magnetic ion is introduced on the tetrahedral site. In 

either case, the octahedral site normally remains dominant [10]. 

Theoretical aspect of magnetic moment in Zn substituted Ni Ferrite is explained 

by Velenzuala [2]. The zero magnetic moment of Zn2+ ions leaves trivalent iron ions on 

B sites with a negative BB interaction between equal ions. Therefore Zn ferrite is not 

ferromagnetic. Zinc ferrite therefore be expected to be antiferromagnetic and thus to 

have a Néel point, though measurements show it to be paramagnetic only [1, 2, 25, 27]  

Magnetic properties can be modified widely by cation substitution. In the present 

case An illustrative case is substituion of Ni by Zn in Co ferrite to form solid solutions 

421 OFeZnNi xx . The cation distribution can be written as 











 2
4

3
1

2
1

3
1

2 ])[( OFeNiFeZn xxxx  

[2]. Zn2+ is diamagnetic and its main effect is to break linkages between magnetic 

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

since it has an ionic radious larger than the Ni and Fe radii. The most remarkable effect 

is that substitution of this diamagnetic cation (Zn) results in a significant increase in 

magnetic moment in a number of spinel solid solutions, Fig. 2.10. 
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Fig. 2.10. Variation of Magnetic moment (in Bohr magnetons per formula unit) with increasing zinc 

substitution [1, 2]. 

 Magnetic moment as a function of Zn content in Li-Ferrite, Mg-Ferrite and  

Ni-Ferrite shows an increase for small substitutions goes through a maximum for 

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

substituted Li-Ferrite it is observed that the magnetic moment increases up Zn content , 

x= 0.4 then it started to decrease. In Zn substituted Ni ferrite and Mg ferrite the magnetic 

moment increases up to Zn content , x= 0.5, then it decreases . 

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

alignment. As the Zn content increases, magnetic moments decreases in sublattice A and 

increase in sublattice B. If the magnetic moment of Fe and Ni are 5 and ~2.3 B /ion, 

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

is )1(5)1(3.2 xx   and on A sublattice the total antiparallel moment is )1(5 x . If the 

resultant moment per formula unit is )0(SM , then by taking the difference of A and B 

moments [26], 

 )1(5)1(5)1(3.2)0( xxxM S   

            3.2)3.210(  x  

A linear relationship is obtained with a slope of 7.7, predicting a moment value of B10  

per formula unit for Zn substitution 1x , as shown by the broken lines in Fig. 2.10. This 

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

content increases, BOA   interactions become too weak and BOB   interactions 
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begin to dominate. That is, the average distance between the interacting spins gets 

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

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

atoms as their nearest neighbours.  

 

 

 

 

 

 

 

Fig. 2.11. Schematic representation of spin arrangements in 421 OFeZnNi xx : (a) ferrimagnetic 

(for 5.0x ); (b) triangular or Yafet-Kittel (for 5.0x ); and (c) antiferromagnetic for 1x . 

 

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

interaction leading to non-collinearity or canting among the B sublattice. Thus for 

5.0x  Zn content, instead of a collinear antiparallel alignment, canted structure 

appears, where spins in B sites are no longer parallel [2, 32], Fig. 2.11. Evidence of this 

triangular structure has been observed by neutron diffraction [22]; a theoretical analysis 

showed that departure from collinear order depends on the ratio of the BOA   to 

BOB   molecular field coefficients, BBAB  / [33]. For high Zn concentration, 

BOB   interactions dominant and the ferrite become antiferromagnetic for 1x  [2].  

 The theoretical aspect of the variation of magnetic moment in present ferrite 

system , LixMg0.4Ni0.6-2xFe2+xO4  ferrite, increasing Li content can be explained as below 

from the cation distribution as stated in section  

 It is known that Li1+, Ni2+ and Mg2+ ions occupy B sites, although Fe ions exist 

at both A and B sites [12]. The cation distribution of various LixMg0.4Ni0.6-2xFe2+xO4 

ferrite assumed as ( Fe3+
0.9)A [Li1+

xMg2+
0.4Ni0.6-2x Fe3+

1.1+x] B [31]  

 where the term within the square bracket indicates the octahedral (B) sites and the first 

term is tetrahedral (A) sites. When Li1+ ions are introduced at the cost of Ni2+ions, Fe3+ 

ions concentration at B sites increases. As Li1+ and Mg2+ are non-magnetic, the 

magnetic moment of B site will depend on the Ni2+ and Fe3+ ion. Progressive 

substitution of Li+ ion increases Fe3+ ion and decreases Ni2+ ion concentration at B sites. 
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The Fe3+content is increased by 2+x as the Li content increases As a result, the magnetic 

moments of B sublattice increases for small Li content. 

 

2.7 Microstructure 

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

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

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

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

strongly on the nature of the microstructure. 

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

difference in crystallographic orientation between the neighbouring grains. For certain 

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

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

nature of ferrites leads to dislocation patterns considerably more complex than in metals, 

since electrostatic energy accounts for a significant fraction of the total boundary energy 

[2]. 

For low-loss ferrite, Ghate [1] states that the grain boundaries influence 

properties by 

1) creating a high ressistivity intergranular layer, 

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

growth modifiers, 

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

of cations near the boundaries. 

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

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

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

wells that pin the domain walls and require higher activation energy to detach. Stresses 

are microstructural imperfections that can result from impurities or processing problems 

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

much greater share of the degradation of properties than would expect [1]. 

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

can drastically change the nature and concentration of defects in the matrix, affecting 
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grain boundary motion, pore mobility and pore removal [2, 41]. The effect of a given 

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

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

segregates to the grain boundary. 

 

 

 

 

 

 

Fig. 2.12. Porosity character: (a) intergranular, (b) intragranular. 

 

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

and intergranular porosity, Fig. 2.12. An undesirable effect in ceramic samples is the 

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

excessive growth of some grains at the expense of small, neighbouring ones (Fig. 2.13). 

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

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

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

temperatures; in ferrites containing Zn and /or Mn, a low O2 partial pressure in the 

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

�duplex� microstructure.  

 

 

 

 

 

 
 

Fig. 2.13. Grain growth (a) discontinuous, (b) duplex (schematic). 
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2.8 Theories of Permeability 

Permeability is defined as the proportionality constant between the magnetic 

field induction B and applied field intensity H [2, 24, 34]: 

  HB          (2.7) 

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

permeability, Fig. 2.15 and is given by  

  
)0( 






H

i H

B
  

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

ac magnetic field can be written as 

  eHH 0
it        (2.8) 

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

presence of various losses and is thus expressed as 

  eBB 0
i(t-)        (2.9) 

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

is then given by 

  ///

0

0

0

0

0

0

0

)(
0 sincos 







i
H

B
i

H

B

H

eB

eH

eB

H

B i

ti

ti




 (2.10) 

where   cos
0

0/

H

B
        (2.11) 

and   sin
0

0//

H

B
        (2.12) 

 

 

 

 

 

 

 

Fig. 2.14. Schematic magnetization curve showing the important parameter: initial permeability, i  (the 

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

magnetization range [2]. 
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The real part ( / ) of complex permeability (  ), as expressed in equation (2.10) 

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

normal permeability. If there are no losses, we should have /  . The imaginary part 

//  corresponds to that of B, which is delayed by phase angle 90˚ from H [23, 30]. The 

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

magnetization, regardless of the origin of delay. The ratio of //  to / , as is evident 

from equation (2.12) and (2.11) gives 

  








tan

cos

sin

0

0

0

0

/

//



H

B
H

B

      (2.13) 

This tan  is called loss factor.  

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

Quality factor
tan

1
        (2.14) 

And the relative quality factor, 




tan

/

Q     (2.15) 

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

the magnetic spectrum or permeability spectrum of the material [27]. The variation of 

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

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

movements. In dynamic measurements the eddy current loss is very important. This 

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

ferrimagnetic substance is the combined effect of the wall permeability and rotational 

permeability mechanisms.  

 

2.8.1 Mechanisms of Permeability 

The mechanisms can be explained as follows: A demagnetized magnetic 

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

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

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

direction of magnetization in one domain to that in the next. The equilibrium positions 
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of the walls result from the interactions with the magnetization in neighbouring domains 

and from the influence of pores; crystal boundaries and chemical inhomogeneities which 

tend to favour certain wall positions. 

 

2.8.1.1  Wall Permeability 

The mechanism of wall permeability arises from the displacement of the domain 

walls in small fields. Lets us consider a piece of material in the demagnetized state, 

divided into Weiss domains with equal thickness L  by means of 180˚ Bloch walls (as in 

the Fig. 2.15). 

 

 

 

 

 

 

Fig 2.15. Magnetization by wall motion and spin rotation. 

 

The walls are parallel to the YZ plane. The magnetization sM  in the domains is 

oriented alternately in the Z  or Z  direction. When a field H  with a component in 

the Z  direction is applied, the magnetization in this direction will be favoured. A 

displacement dx  of the walls in the direction shown by the dotted lines will 

decrease the energy density by an amount [35, 36]: 

     
L

dxHM zs2
 

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

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

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

     d
L

dxHM zs  

From the change in the magnetization 

     
L

dM
M s2

 , 
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the wall susceptibility w  may be calculated. Let H  makes the angle   with 

Z direction. The magnetization in the   direction becomes 

   cos
2

)(
L

dM
M s , And with cosHH z   and 

K

HM
d zs2
  

we obtain 

  
KL

M

H

M s
w


 

22 cos4)(



       (2.16) 

 

2.8.1.2 Rotational Permeability 

The rotational permeability mechanism arises from rotation of the magnetization 

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

E  as a function of the orientation. Major contribution to E  comes from the crystal 

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

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

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

inclusions and inhomogeneities. For small angular deviations, x and y  may be 

written as 

  
s

x
x M

M
  and 

s

y
y M

M
 . 

For equilibrium Z -direction, E  may be expressed as [36] 

  yyyxxx EEEE 22
0 2

1

2

1
   

where it is assumed that xand y  are the principal axes of the energy minimum. Instead 

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

yH  are often introduced. Their magnitude is 

given by 

  
s

xxA
x M

E
H

2
  and 

s

yyA
y M

E
H

2
 , 

A
xH  & A

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

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

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

are 

    

pdfMachine  
 A pdf writer that produces quality PDF files with ease! 

Produce quality PDF files in seconds and preserve the integrity of your original documents. Compatible across 
nearly all Windows platforms, simply open the document you want to convert, click “print”, select the 

“Broadgun pdfMachine printer” and that’s it! Get yours now! 

http://www.pdfmachine.com?cl


Chapter 2                                                                                                                                  Literature Review 

 37 

    
A
x

s
xr H

M
,  and 

A
y

s
yr

H

M
, . 

For cubic materials it is often found that A
xH  and A

yH  are equal. For 

AA
y

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

shown in Fig. 2.15) the rotational susceptibility, cr ,  in one crystallite becomes 

     2
, sin

A
s

cr H

M
      (2.17) 

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

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

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

cr ,  of each crystallite, where the mutual influence of neighbouring crystallites has to 

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

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

be averaged. Snoek [36] assuming a linear averaging of cr , and found 

A
s

r H

M

3

2
  

The total internal susceptibility 

   
A
ss

rw
H

M

KL

M

3

2cos4 22




     (2.18) 

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

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

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

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

parameters are influenced by such factors as imperfection, porosity and 

crystallite shape and distribution which are essentially unknown.  

 

2.8.2 Frequency dependent Permeability Curve : 

 The techniques of impedance spectroscopy, widely used in dielectrics have been 

applied to magnetic materials [28]. In this method, impedance measurements as a 

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

are associated with the physical parameters of the material. The complex permeability, 
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µ* , is determined  from the  complex impedance ,Z *, by : 

 µ* = (jk/ω)Z *      (2.19) 

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

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

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

element is required (Irvine et al.) [37]. 

  

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.16. Permeability spectra of NiFe2O4 samples with different grain size: (a)11µm;(b) 5µm;(c)2 µm 

(d)size <0.2 µm( single domain behaviour) [2]  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.17. Permeability spectrum of a Ni-Zn sample at fields above (open circles) and below (filled circles) 

the critical field [38]. 
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Many of the specific applications of ferrites depend on their behaviour at high 

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

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

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

different time constants, Fig. 2.16. The low frequency dispersions are associated with 

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

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

mechanisms are wall bowing and wall displacement as discussed before in section 2.8. 

Any field results in a bowing of pinned walls, and if this field has higher value than the 

corresponding critical field, walls are unpinned and displaced. Otherwise, bowed walls 

remain pinned to material defects. Measurements at low fields therefore show only one 

wall dispersion. Measurements at high fields, several, complex dispersions are observed, 

such as those in Fig. 2.17. Wall displacement dispersion occurs at lower frequencies 

than wall bowing, since hysteresis is a more complex phenomenon of wall bowing, 

unpinning, displacement and pinning steps. 

 

 

 

 

 

 

 

 

 

 

Fig. 2. 18. (a) Schematic representation of the spin deviation from an easy axis by precessional spiralling 

into the field direction, (b) Precession is maintained by a perpendicular rf field, hrf [2]. 

 

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

only remaining megnetisation mechanism is spin rotation within domains. This 

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

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

as an external field is applied (out of the spins� easy direction), spins experience a 
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torque. However, the response of spins is not instantaneous; spins precess around the 

field direction for a certain time (the relaxation time, τ) before adopting the new 

orientation, Fig. 2.18.  

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

 ωL  =γ µo HT       (2.20) 

where HT is the total field acting on the spin.  

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

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

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

frequency is independent of the precession amplitude.  

 

2.9 Magnetization Mechanism 

2.9.1 Concept of Magnetic Domain and Domain Wall (Weiss Domain   

Structure) 

In 1907 Pierre Weiss in his paper �Hypothesis of the molecular field� [29, 39] 

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

into a number of regions of domains, each of which is magnetized to saturation level but 

the direction of magnetization from domain to domain need not be parallel. The 

magnetization vectors are parallel to preferred direction such that the demagnetization 

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

The total magnetization is then given by the vector summation of individual 

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

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

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

of the anti ferromagnetic interaction are spontaneously oriented parallel to each other 

(even without applied magnetic field) [40]. The applied field serves as a control in 

changing the balance of potential energy within the, magnetic material. These uniformly 

magnetized domains are separated by a thin layer in which the magnetization gradually 

changes from one orientation to another. This transition boundary is called domain wall 

or Bloch wall. 

 

The domain structure are found basically to reduce the magnetostatic energy i.e., 
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the magnetic potential energy contained in the field lines (or flux lines) connecting north 

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

simple case, as shown in Fig. 2.19, in which (a) to (e) represents a cross section of a 

ferromagnetic single crystal. In Fig. 2.19 (a) a single domain crystal is shown, the value 

of magnetostatic energy is high. The arrow indicates the direction of magnetization and 

hence the direction of spin alignment in the domain. If the crystal is divided into two 

domains (Fig. 2.19 (b), the magnetic energy will be reduced by roughly one half of the 

single domain case. This splitting process continues to lower the energy of the system 

until more energy is required to form the domain boundary. When a large domain is 

split into n domains, as shown in Fig. 2.19 (c) the magnetic energy will be reduced to 

approximately 1/n of the magnetic energy of that of type (a). For the domain structure 

configuration in Fig. 2.19 (d) and (e), the magnetic energy is zero as the flux circuit is 

completed within a crystal, (i.e., flux path never leaves the boundary of the material). 

These triangular domains are callled closure domains. Therefore the magnetostatic 

energy is reduced. This type of structure may also be found at the surface of the 

material.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.19. Possible domain structures showing progressively low energy .Each part is representing a cross-

section of a ferromagnetic single crystal [2, 28]. 
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The boundaries between the domains, are not sharp on atomic scale but are spread 

over a finite thickness within which the direction of the spin changes gradually from one 

domain to the next [39]. The spin within a domain wall as shown in Fig. 2.20, are 

pointing in necessary directions, so that the crystal anisotropy energy within the wall is 

higher than it is in the adjacent domains. The exchange energy tries to align the spin in a 

direction parallel to the direction in the domain while the anisotropy energy tries to 

make the wall thin to minimize misalignment within the easy directions. The actual 

thickness of the domain wall is determined by the counterbalance of the exchange 

energy and anisotropy energy. 

 

 

 

Fig. 2.20. Schematic representation of a domain wall. All spins, within the wall thickness are in non-

easy direction [27]. 

 

2.9.2 The dynamic behaviour of Domains 

 Two general mechanisms are involved in changing the magnetization in a 

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

acts by rotating the magnetization towards the direction of the field. Since this may 

involve rotating the magnetization from an axis of easy magnetization in a crystal to one 
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of more difficult magnetization, a certain amount of anisotropy energy is required. The 

rotations can be small as indicated in Figure 2.21(a) or they can be almost the equivalent 

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

magnetizing field is opposite to the original magnetization direction of the domain. The 

other mechanism for changing the domain magnetization is one in which the direction of 

magnetization remains the same, but the volumes occupied by the different domains 

may change. In this process, the domains whose magnetizations are in a direction closest 

to the field direction grow larger while those that are more unfavorably oriented shrink 

in size. Fig. 2.21(b) shows this process which is called domain wall motion.  

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

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

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

the center of the domain wall will move towards the domain opposed to the field. Thus, 

the area of the domain with favorable orientation will grow at the expense of its 

neighbour. 

 

 

 

 

 

 

 

 

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

Fig. 2.21. (a) Change of domain magnetization by domain wall movement and (b) Change of 

domain magnetization by domain rotation [28]. 

 

2.9.3 Bulk Material Magnetization 

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

can only be visualized by special means, for the purpose of magnetic structure they are 

important in explaining the process of magnetization. A material that has strongly 

oriented moments in a domain often has no resultant bulk material magnetization. Non-

magnetic material can be transformed into a strongly magnetic body by domain 

dynamics discussed above. If the material has been demagnetized, the domains point in 
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all random directions so that there is complete cancellation and the resultant 

magnetization is zero (Fig. 2.22). The possible steps to complete orientation of the 

domains or magnetization of the material are also shown in Fig. 2.22 [28]. 

 

 

 

 

 

 

Fig. 2.22. Stages in Magnetization of a sample containing several crystals [28]. 

 

2.9.4 The Magnetization Curve 

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

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

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

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

of domains complete alignment in one direction with elimination of domain walls. It can 

be started with the a demagnetized specimen and increase the applied magnetic field and 

then the bulk material will be progressively magnetized by the domain dynamics. The 

magnetization of the sample will follow the course as shown in Fig. 2.23 (a) [28]. The 

slope from the origin to a point on the curve or the ratio M/H is defined as magnetic 

susceptibility. This curve is called Magnetization Curve. This curve is generally 

percieved as being made of three major portions. 

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

by reversible domain wall movements and rotations. By reversible means that after the 

magnetization slightly with an increase in field the original magnetization conditions 

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

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

studied. 

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

the magnetization increases more drastically, is called the irreversible magnetization 

range. This range is obtained mainly by the irreversible domain wall motion from one 

stable state to another. 
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(a)                                                       (b) 

 

Fig. 2.23. Domain dynamics during various parts of the magnetization curve [28]. 

 

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

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

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

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

Beyond this range the magnetization gradually approaches to saturation magnetization. 

(Fig. 2.23 (b)) 
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CHAPTER 4 
RESULTS AND DISCUSSION 

The polycrystalline LixMg0.4Ni0.6-2xFe2+xO4 (x=0.00, 0.05, 0.10, 0.15, 0.20, 0.25 and 0.30) ferrites are 

studied. All ferrite samples are sintered at temperatures of 1050, 1100, 1150 and 1200˚C for six hours in 

air. Structural and surface morphology are studied by X-ray diffraction and optical microscopy 

respectively. The magnetic properties of the ferrites are characterized with high frequency (300 KHz-110 

MHz) complex permeability. DC Magnetizations of all samples are also studied. The electrical properties 

of the samples are also studied. The effects of varying Li substitution and sintering temperature on the 

complex permeability of these ferrites are discussed.  

4.1 XRD analysis of the polycrystalline LixMg0.4Ni0.6-2xFe2+xO4 

Fig. 4.1 illustrates the X-ray diffraction (XRD) patterns of various 

 LixMg0.4Ni0.6-2xFe2+xO4 ferrites sintered at 1200˚C in air. The XRD analysis confirms the 

LixMg0.4Ni0.6-2xFe2+xO4 ferrite samples have the single phase cubic spinel structure 

having no impurity peak is formed as all the peaks in pattern match well with 

characteristic reflections reported earlier [1]. The XRD peaks are well indexed to the 

crystal plane of spinel ferrite (220), (311), (400), (422), (511) and (440), respectively. 

 

     
 
            

 

 

       

 

 

 
 
             
Fig. 4.1. The X-ray diffraction patterns LixMg0.4Ni0.6-2xFe2+xO4 ferrites sintered at 1200˚C in air . 
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4.2 Lattice Constants of the polycrystalline LixMg0.4Ni0.6-2xFe2+xO4  

The values of lattice parameters, a, obtained from each crystal plane are plotted 

against Nelson-Riley function F (θ) = ½ [cos
2
θ/sinθ + cos

2
θ/θ] [2] where θ is the Bragg�s 

angle and a straight line is obtained. The values of lattice parameters were estimated from 

the extrapolation of these lines to F(θ)=0 or (F(θ)=90˚C. From a-F(θ) curve, precise lattice 

constant, �ao� is calculated for each sample. Fig. 4.2(a) shows a-F() curve for  

Li0.05Mg0.40Ni0.50Fe2.05O4 ferrite. Lattice constants of other samples are calculated in a similar 

way. The calculated lattice constants �ao� of LixMg0.4Ni0.6-2xFe2+xO4 ferrites are plotted as a 

function of Li content, as shown in Fig. 4.2(b). In the present case the lattice constant varies 

from 8.3549 Å for Li=0 to 8.3588 Å. 

 

 

 

 

 

 

 

Fig. 4.2. (a) Variation of lattice parameter a with F() and (b) Variation of the lattice constant ao, and the 

mean ionic radius of the variant ion with the composition for LixMg0.4Ni0.6-2xFe2+xO4 ferrites sintered at 

1200˚C in air . 

The lattice constant, density, porosity and average grain size for different samples 

sintered at different temperatures are given in Table 4.1.  

It is clear from Fig. 4.2 (b) that the lattice constant of all the samples follows Vegard�s 

law, as shown by solid line. This increase of lattice constant with Li contents can be 

explained on the basis of the ionic radii. The ionic radii of the cations used in 

LixMg0.4Ni0.6-2xFe2+xO4 are 0.82Å (Li1+), 0.77 Å (Ni2+) and 0.73 Å (Fe3+) [3]. Here Ni2+ 

is substituting by the both Li1+and Fe3+ ion. So a small increase in lattice constant is 

expected, increasing Li content. 
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Table 4.1. The lattice constant, density, porosity, grain size, natural resonance frequency, maximum 

Quality factor and initial permeability of the various LixMg0.4Ni0.6-2xFe2+xO4 ferrites sintered at various 

temperatures with fixed dwell time 6h. 

 

 

 

 

x 
Ts 

(ºC) 
ao 
(Å) 

ρx-ray 

(g/cm3) 
ρB 

(g/cm3) 
P 

(%) 

 
Grain 
size 
(μm) 

fr 
(MHz) 

Qmax 

/
i (at 

300 
kHz) 

1050 4.42 12.09 � � 1530 29.41 
1100 4.46 11.25 1.31 � 1605 29.93 
1150 4.48 10.84 1.72 54.89 2442 46.10 

0 

1200 

8.3549 5.02 

4.49 10.64 2.5 54.87 2440 49.29 

1050 4.33 12.65 � � 1872 36.80 
1100 4.37 11.91 1.67 58.82 2287 42.67 
1150 4.38 11.53 1.91 44.54 2591 48.40 

0.05 

1200 

8.35513 
 

4.96 
 

4.39 11.02 2.63 27.37 2616 55.08 

1050 4.23 13.76 � 54.86 2237 40.93 
1100 4.24 13.47 1.81 51.18 2652 51.08 
1150 4.22 13.84 3.44 36.15 2616 50.22 

0.1 

1200 

8.3561 
 

4.90 
 

4.21 13.93 4.04 27.37 2644 59.62 

1050 4.18 13.95 � 54.87 2350 43.81 
1100 4.18 13.95 2.76 38.14 3356 59.02 
1150 4.17 14.16 3.97 27.37 2731 52.29 

0.15 

1200 

8.3566 
 

4.86 
 

4.16 14.36 6.56 20.72 2761 61.26 

1050 4.10 14.07 � 47.74 3181 54.53 
1100 4.103 14.00 2.80 36.15 4222 64.12 
1150 4.08 14.49 5 25.53 2966 55.67 

0.20 

1200 

8.3575 
 

4.77 
 

4.07 14.7 6.61 19.33 2998 62.82 

1050 4.03 14.41 � 41.54 3559 58.23 
1100 4.04 14.205 2.82 29.34 4653 69.10 
1150 4.02 14.63 5.56 22.21 3083 57.43 

0.25 

1200 

8.3577 4.71 

4.01 14.82 7.56 14.64 3117 66.98 

1050 3.97 14.53 � 41.54 2794 49.15 
1100 3.98 14.31 4.31 25.53 3535 62.21 
1150 3.95 14.96 6.46 20.72 2845 53.89 

0.3 

1200 

8.3588 4.64 

3.94 15.07 10.5 16.82 2881 61.87 
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The samples under investigation have the chemical composition LixMg0.4Ni0.6-2xFe2+xO4. 

Therefore, the mean ionic radius of the variant ions for composition  

(LixMg0.4Ni0.6-2xFe2+xO4) can be written as  

r(variant) = xrLi+(0.6-2x)rNi+(2+x)rFe       (1) 

where rLi is the radius  of Li1+
 ion( = 0.82Å), rNi is the ionic radius of Ni2+ ion (=0.77 Å), 

and rFe is the ionic radius of Fe3+ ion (=0.73 Å). Data are from Whittaker and Muntus 

(1970) [3]. The variation of r(variant) with Li content is shown in Fig. 4.2 (b), where it 

increases with increasing Li content. 

 

4.3 Density and porosity of the polycrystalline LixMg0.4Ni0.6-2xFe2+xO4  

Theoretical density, ρth, bulk density, ρB and porosity of the various  

LixMg0.4Ni0.6-2xFe2+xO4 ferrites are tabulated in the Table 4.1. Theoretical density, ρth 

decreases with increasing ao in the Li substituted various LixMg0.4Ni0.6-2xFe2+xO4 ferrites. 

It decreases because the molecular weight of the each sample decreases significantly 

with the addition Li+ content. Both theoretical and bulk density decrease in a similar 

fashion with the increase of Li content in LixMg0.4Ni0.6-2xFe2+xO4 ferrites for a fixed 

sintering temperature, as shown in Fig. 4.3.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.3. The variation of theoretical density, ρth and bulk density, ρB for variation of Li content in 

LixMg0.40Ni0.6-2xFe2+xO4 ferrites sintered at (a) 1050˚C, (b) 1100˚C, (c) 1150˚C, and (d) 1200˚C in air. 
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Fig 4.4 indicates that as lithium content increases in LixMg0.4Ni0.6-2xFe2+xO4 

ferrites, density decreases and porosity increases. It is possible to explain this 

phenomenon in terms of the atomic weight. The atomic weight of Ni (58.6934 amu) is 

greater than atomic weight of the Li (6.941 amu) and Fe (55.845 amu) [4].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.4. The variation of density and porosity with Li content for LixMg0.4Ni0.6-2xFe2+xO4sintered at (a) 

1050˚C, (b) 1100˚C, (c) 1150˚C, and (d) 1200˚C in air 

 

Fig.4.5 shows the variation of bulk density and porosity with the variation of 

sintering temperature for LixMg0.4Ni0.6-2xFe2+xO4 ferrites. It is observed that the density 

increased with increasing sintering temperature for the contents x=0 and x=0.05 in. 

LixMg0.4Ni0.6-2xFe2+xO4 ferrites On the other hand, porosity (P) of the sample decreased 

with increasing sintering temperature. During the sintering process, the thermal energy 

generates a force that drives the grain boundaries to grow over pores, thereby decreasing 

the pore volume and increasing the density of the materials. Beyond x=0.05 in 

LixMg0.4Ni0.6-2xFe2+xO4 ferrites, it is found that density increases with increasing 

sintering temperature up to 1100˚C, then decreases. On the other hand, porosity (P) of 

the samples decreases with increasing sintering temperature up to 1100˚C and a 

increasing trend is shown beyond it.  
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Fig. 4.5. The variation of density and porosity for (a) Mg0.40Ni0.60Fe2O4, (b) Li0.05Mg0.40Ni0.50Fe2.05O4 

(c) Li0.10Mg0.40Ni0.40Fe2.10O4 , (d) Li0.15Mg0.40Ni0.30Fe2.15O4 (e) Li0.20Mg0.40Ni0.20Fe2.20O4,  
(f) Li0.25Mg0.40Ni0.10Fe2.25O4 and (g) Li0.30Mg0.40Fe2.30O4 ferrites 
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At higher sintering temperature density is decreased because the intragranular porosity 

is increased because of discontinuous grain growth. It is known that the porosity of the 

ceramic samples results from two sources, intragranular porosity and intergranular 

porosity. When the grain growth rate is very high, pores may be left behind by rapidly 

moving grain boundaries, resulting in pores that are trapped inside the grains. This 

intragranular porosity leads to poor magnetic and mechanical properties. Thus the total 

porosity could be written as P=Pintra+Pinter. The intergranular porosity mainly depends on 

the grain size [5]. 

 
4.4 Microstructures of LixMg0.4Ni0.6-2xFe2+xO4 

 

The optical micrographs for the samples Li=0 to Li=0.3, in steps of 0.05 are 

shown in Fig.4.6. Strong dependence in average grain diameter varying Li-content is 

observed. The average grain size of various LixMg0.4Ni0.6-2xFe2+xO4 ferrites with the 

variation of sintering temperatures 1100˚C, 1150˚C and 1200˚C, is listed in Table 4.1. 

No significant micrograph was observed for the samples sintered at 1050˚C. Variation 

of Li content shows a strong dependence in grain size. Fig.4.6(a), 4.6(b), 4.6(c) show the 

variation of average grain diameter with Li content sintered at 1100, 1150 and 1200˚C. 

It is clear from the Fig. 4.6 that average grain diameter goes on increasing with the Li 

content. This is probably due to the very lower melting temperature of Li (180.54˚C) 

compared to Ni (1453˚C), though Fe content (1535˚C) increases as Li content increases. 

It is also observed that average grain size of all samples increases with the increase of 

sintering temperature. Figure shows the influence of sintering temperature in 

Li0.25Mg0.40Ni0.10Fe2.25O4 ferrite. Similar enlargement of grain size varying sintering 

temperature is observed for other samples. This complies with previously reported 

works [6]. 
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Fig. 4.6. (a) The optical micrographs for polycrystalline LixMg0.4Ni0.6-2xFe2+xO4 ferrites sintered at 1100˚C 

in air. 
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Fig. 4.6. (b) The optical micrographs for polycrystalline LixMg0.4Ni0.6-2xFe2+xO4 ferrites sintered at 1150ºC 

in air. 
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Fig. 4.6. (c) The optical micrographs for polycrystalline LixMg0.4Ni0.6-2xFe2+xO4 ferrites sintered at 1200ºC 

in air. 
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4.5 Complex permeability of the polycrystalline LixMg0.4Ni0.6-2xFe2+xO4 

The initial permeability (µi) has been measured for all the ferrites in the 

frequency range of 300 kHz-110 MHz. Fig. 4.7 shows the complex permeability spectra 

for LixMg0.4Ni0.6-2xFe2+xO4 ferrites sintered at 1050, 1100, 1150 and 1200˚C respectively. 

The real ( /
i ) and imaginary ( //

i ) permeability increase with Li substitution up 

to x=0.25 in LixMg0.4Ni0.6-2xFe2+xO4 ferrites and after that permeability decrease. The /
i  

values increase with the increase of sintering temperature up to 1100˚C and above 

1100˚C a decreasing trend is observed. In contrast resonance frequency is found to 

decrease with Li substitution. All samples show independence of frequency in their /
i  

values up to the resonance frequency. Moreover, a sharp decrease in /
i   and increase in 

//
i  above the resonance frequency is noticed.  

A variation of /
i   values the sintering temperatures for all compositions is 

observed. As /
i  increases, corresponding resonance frequency, fr decreases. For all 

compositions, fr value [7] shifted to a lower value as sintering temperature increases, 

which is found from Table-4.1. No resonance frequency is observed at 1050˚C and 

1100˚C for Mg0.40Ni0.60Fe2O4 ferrite and at 1150˚C and 1200˚C fr values are 54.89 MHz 

and 54.87 MHz respectively. As sintering temperature increases from 1100˚C to 1200˚C, 

fr value for Li0.05Mg0.40Ni0.50Fe2.05O4 ferrite decreases from 58.82 MHz to 27.37 MHz 

while no resonance frequency is observed at 1050˚C. Again fr value decreases from 

54.86 MHz to 27.37 MHz for Li0.10Mg0.40Ni0.40Fe2.10O4 ferrite, from 54.87 MHz to 20.72 

MHz for Li0.15Mg0.40Ni0.30Fe2.15O4 ferrite, from 47.74 MHz to 19.33 MHz for 

Li0.20Mg0.40Ni0.20Fe2.20O4 ferrite, from 41.54 MHz to 14.64 MHz for 

Li0.25Mg0.40Ni0.10Fe2.25O4 ferrite and from 41.54 MHz to 16.82 MHz for 

Li0.30Mg0.40Fe2.30O4 ferrite as sintering temperature increases from 1050˚C to 1200˚C. It 

is clearly noticeable that the maximum initial permeability /
i  of LixMg0.4Ni0.6-2xFe2+xO4 

ferrites are obtained at the 1100˚C and at higher sintering temperature a decreasing trend 

is observed. 
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Fig. 4.7. The variation of /
i  and //

i  spectra for LixMg0.4Ni0.6-2xFe2+xO4 sintered at (a) 1050˚C, 

(b)1100˚C, (c) 1150˚C and (d) 1200˚C in air. 
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The resonance frequency and the room temperature /
i  values measured at 300 kHz are 

listed in Table 4.1. Highest value of /
i ( /

i =69.10) is observed for 

Li0.25Mg0.40Ni0.10Fe2.25O4 ferrite sintered at 1100˚C. On the other hand, maximum value 

of fr (58.82 MHz) is observed for Li0.05Mg0.40Ni0.50Fe2.05O4 ferrite sintered at 1100˚C with 

the corresponding value of /
i =42.67. Fig 4.8 shows the variation of /

i (at 300 kHz) 

and fr with Li content for LixMg0.4Ni0.6-2xFe2+xO4 ferrites sintered at 1050, 1100, 1150 

and 1200˚C in air. In this figure it is found that as /
i  increases resonance frequency 

decreases with the function of sintering temperature. An inversely proportional relation 

of /
i   and fr confirms the Snoek�s limit [8].Similar trend is observed for all other 

sintering temperatures. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig 4.8. The variation of /
i  (at 300kHz) and fr with Lithium content for LixMg0.4Ni0.6-2xFe2+xO4 ferrites 

sintered at (a) 1050˚C,(b) 1100˚C, (c)1150˚C and (d) 1200˚C in air. 
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The whole permeability phenomena can be explained as below .The permeability 

of polycrystalline ferrite is related to two different magnetizing mechanisms: spin 

rotation and domain wall motion [6, 9-10], which can be described as follows: 

i=1+w+spin where w is the domain wall susceptibility; spin is intrinsic rotational 

susceptibility. w and spin may be written as :  43 2DM sw   and 

KM sspin
22  with Ms saturation magnetization, K the total anisotropy, D the average 

grain diameter, and  the domain wall energy. In the present system room temperature 

DC magnetization value varying to Li content increases up to x= 0.25 and start to 

decrease at x=0.30. Since /
i  is a function of magnetization therefore, 

/
i  increases with 

the increase of Li content up to x=0.25 and beyond x=0.25, /
i  decreases due to the non 

collinear spin arrangements [11]. Moreover, the magnetic properties of soft ferrite are 

strongly influenced by it�s composition, additives and microstructures of the material. 

Among all these factors, the microstructures have great influence on magnetic 

properties. It is generally believed that larger the grain sizes, the higher the saturation 

magnetization and initial permeability .In microstructure studies of the present ferrite 

system, is also observed that average grain diameter increases with the function of Li 

content up to the same optimum, x=0.25 and sudden decrease is observed beyond it. 

Therefore in the present case, variation of the initial permeability is strongly influenced 

by it�s grain size and DC magnetization property. 

The increasing value of /
i  with the increase of sintering temperature up to the 

1100˚C is due to the lower porosity for samples sintered at higher sintering temperature. 

The porosity causes hindrance to the domain wall motion. As sintering temperature 

increases pores and voids are reduced with increasing sintering temperature. The value 

of /
i decreases above 1100˚C because the sample heated at higher sintering 

temperatures (above optimum Ts) contains increasing number of pores within the grains 

which results a decrease in permeability. Similar trend was observed by Guillaud [12]  

The variation of initial permeability µi, with frequency, shown in Fig. 4.7 can be 

explained on the basis of Globus model. According to this model, the relaxation 

character is 

(µi -1)2fr =constant.        (2) 
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Initial permeability in ferrites is due to domain wall displacement and remains 

constant with frequency as long as there is no phase lag between the applied field and 

the applied field and the domain wall displacement. In ferrites, two resonance peaks are 

normally observed: one at lower frequency (10-100MHz) which is due to the domain 

wall oscillations [13, 14] and the other at higher frequencies (~1GHz) due to Larmour 

precession of electron spins [15]. In the present case, the resonance frequency of domain 

wall oscillations is found in the range of 15MHz~60MHz. 

 

The variation of loss factor, tanδ(= //
i / /

i ) with frequency for all samples has 

been studied. Fig.4.9 shows the variations of loss factors with frequency for  

LixMg0.4Ni0.6-2xFe2+xO4 ferrites sintered at 1050, 1100, 1150 and 1200˚C.  

 

 

      

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.9. The variations of Loss factor with frequency for LixMg0.4Ni0.6-2xFe2+xO4 ferrites sintered at 

(a)1050˚C, (b)1100˚C,(c) 1150˚C and (d) 1200˚C in air. 
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loss is observed and remains constant up to certain a frequency, 13MHz � 22 MHz; this 

frequency limit depends upon the sintering temperatures. The lag of domain wall motion 

with respect to the applied magnetic field is responsible for magnetic loss and this is 

accredited to lattice imperfections [15]. 

At higher frequencies, a rapid increase in loss factor is observed. A resonance 

loss peak is shown in this rapid increase of magnetic loss. At the resonance, maximum 

energy transfer occurs from the applied field to the lattice which results the rapid 

increases in loss factor. As it is observed that phase lag between domain rotation and 

applied field is greater than that between applied field and domain wall displacement, 

the magnetic losses due to domain rotation overrides those due to domain wall 

displacement [16]. 

The loss factor is also observed to increase with the increase of sintering 

temperature. The variation of initial loss with frequency for the sample x=0.25, i.e. 

Li0.25Mg0.4Ni0.2Fe2.25O4 ferrite in the sintering temperature range 1050˚C �1200˚C is 

shown in Fig. 4.10. The increase in sintering temperature results in increased Li loss in 

the samples, thereby creating defects in the lattice, which gives rise to magnetic loss. 

 

 

 

 

 

 

 

 

 

 

Fig. 4.10. The variations of Loss factor with frequency for Li0.25Mg0.4Ni0.20Fe2.25O4 ferrite sintered at 

1050, 1100, 1150 and 1200˚C in air. 

 

 From the loss factor, the relative quality factor (or Q-factor) is calculated. The 

relative quality factor (Q-factor) versus frequency plots of all the samples sintered at 

1050, 1100, 1150 and 1200˚C are shown in Fig. 4.11. Calculated Q-factors for various 

LixMg0.4Ni0.6-2xFe2+xO4 ferrites sintered at various temperatures are listed in Table 4.1. It 
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can be seen that the value of Q-factor increases with an increase of frequency and shows 

a peak around 10MHz. It is also observed from the Fig 4.12 (a) that the maximum value 

of Q-factor, Qmax increases with increasing Li contents from x=0 to x=0.25 in 

LixMg0.4Ni0.6-2xFe2+xO4, then it decreases at x=0.3, for the samples sintered at 1100˚C. 

Similar variation is observed for LixMg0.4Ni0.6-2xFe2+xO4 ferrites sintered at other 

temperatures as well. It shows a similar trend of /
i  of the present system as it is 

proportional to the Q-factor from the relation: Q= /
i / tanδ, as loss factor also shows an 

increasing trend with the increase of Li content. Among all the studied samples, highest 

value of Q-factor (=4653) is observed for Li0.25Mg0.40Ni0.10Fe2.25O4 ferrite sintered at 

1100˚C, similar to /
i . Fig 4.12 (b) shows the variation of Q value for 

Li0.25Mg0.40Ni0.10Fe2.25O4 ferrite varying sintering temperature. Above 1100˚C, Q-factor 

is found to decrease because at higher sintering temperature, abnormal grain growth 

occurs which creates trapped pores inside the grain. This increasing amount of pores 

influences the loss factor and turns into higher value which results a lower value of Q-

factor. 

                                                      

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
Fig. 4.11. The variations of Relative Quality factors (Q-factor) with frequency for LixMg0.4Ni0.6-2xFe2+xO4 

ferrites sintered at (a) 1050˚C, (b) 1100˚C (c) 1150˚C and (d) 1200˚C in air. 
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Fig. 4.12. (a) The variations of Qmax with Li content for LixMg0.4Ni0.6-2xFe2+xO4 ferrites sintered at  

1100˚C and (b) the variations of Qmax for Li0.25Mg0.40Ni0.10Fe2.25O4 ferrite sintered at 1050, 1100, 1150 and 

1200˚C. 

 

4.6 DC Magnetization of LixMg0.4Ni0.6-2xFe2+xO4  

The magnetization as a function of applied magnetic field for various  

LixMg0.4Ni0.6-2xFe2+xO4 samples at room temperature (300K) is shown in Fig. 4.13. The 

magnetization of all samples increases linearly with increasing the applied magnetic 

field up to 0.1T applied magnetic field (depending on compositions). Beyond 0.1T 

applied field magnetization increases slowly and then saturation occurs.  

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.13. The magnetization, M versus the applied magnetic field, H curves for LixMg0.4Ni0.6-2xFe2+xO4 

ferrites sintered at 1100˚C in air. 
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Fig.4. 14.(a) The variation of n(µB) and µi
/ (at 100KHz), and (b)The variation of Ms with Li content, x, in 

LixMg0.4Ni0.6-2xFe2+xO4 sintered at 1200˚C in air. 

The Ms for all the samples determined by the extrapolation of the magnetization 

(M-H) curve to Hs=0. Fig. 4.13 (b) shows the variation of saturation magnetization as a 

function of Lithium content. Using these values of Ms; the number of Bohr magneton, 

nB, has been calculated by using the relation [17] 

BA

s
B N

MM
n


       (4) 

where M is the molecular weight, NA is the Avogadro�s number and μB is the 

Bohr magneton. This formula is used to extract the microscopic magnetic information 

from the bulk magnetization measurements. The values of nB for each of the samples 

measured at room temperature (300K) are given in Table 4.2. The variation of nB with Li 

content is shown in Fig.4.14 (a). It is seen from Fig.4.14 (a) that the value of nB 

gradually increases with increasing Li1+ concentration, becomes maximum at x = 0.25 

and then decreases with further increase in Li content. Similar trend is observed for the 

variation of µi
/ varying Li content, as indicated in Fig.4.14 (a)  

 

The observed variation in Ms can be explained on the basis of cations 

distribution and exchange interaction between A and B sites. It is known that Li1+ [18] 

and Ni2+[5] ions occupy B sites, although Fe3+ions exist at both A and B sites[18] . The 

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

(Fe3+
0.9)A [Li1+

xMg2+
0.4Ni0.6-2x Fe3+

1.1+x] B        
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where the parentheses ( ) and the square brackets [ ] indicate ions distributed on 

tetrahedral A and octahedral B sites, respectively. In the above cationic distribution Li1+
 

ions being non magnetic do not contribute to the magnetization of the sublattice and 

hence do not contribute to net magnetic moment. The net magnetic moment is therefore 

mainly due to the contributions from the Fe3+ ions and Ni2+ ions at B sites. As Mg2+ 

ions are non-varying in respect to the Li content so it is expected that Mg2+ ions will 

also occupy B sites [19]. Therefore Mg2+ ions will not affect the magnetic properties of 

the present samples .At the B sites Ni2+ ions (magnetic moment = 2μB) substitute non 

magnetic Li1+ ions and Fe3+ ions ( magnetic moment = 5 μB ). The environment of FeB
3+ 

is thus expected to be strictly more magnetic with the substitution. 

As the net magnetization equals MB�MA and increases with increasing Li concentration 

up to x = 0.25, the phenomenon can be explained from the Neel�s two sublattice model. 

According to this model AB superexchange interaction is predominant over 

intrasublattice AA and BB interaction, and the saturation magnetization is given by the 

vector sum of the magnetic moments of the individual A and B sublattices 

 i.e. MS =MB−MA. As Li1+ and Mg2+ do not contribute to the magnetization because of 

being nonmagnetic, Ni2+ ions and Fe3+ ions having magnetic moment 2μB and 5μB 

respectively results the net magnetic moment which can be given by,  

MB-MA=(6.7+x) μB � (0.9×5) μB =6.7 μB � 4.5 μB +x μB = (2.2+x) μB . 

 Where, MB=(0.6-2x)×2 μB +(1.1+x)×5 μB =(1.2-4x+5.5+5x) μB =(6.7+x) μB 

 and MA=0.9×5 μB =4.5 μB. 

Therefore saturation magnetization is expected to increase as Li content increases.  

The fall in magnetization on addition of Li beyond x=0.25,  

is due to the occurrence of non-collinear spin structure, however, cannot be explained on 

the basis of the Neel�s two sublattice model, but instead on a three sublattice model 

suggested by Yafet and Kittel [20]. On addition of lithium, the A-B exchange interaction 

gets weakened while B-B sublattice interaction becomes strong, which in turn disturbs 

the parallel arrangement of spin magnetic moments on the B- site and hence canting of 

spin occurs. Thus decrease in the magnetic moment beyond x = 0.25, indicates the 

possibility of a non-collinear spin arrangement [11, 20]. 
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Table 4.2. Saturation magnetizing field, Saturation magnetization and the number of Bohr magneton for 

polycrystalline LixMg0.4Ni0.6-2xFe2+xO4 ferrites. 

 

Composition 
Hs,  
(T) 

Ms 

(emu/g) 
nB 

(µB) 
Mg0.40Ni0.60Fe2O4 

 
0.1697 47 1.86 

Li0.05Mg0.40Ni0.50Fe2.05O4 
 

0.32 64 2.50 

Li0.10Mg0.40Ni0.40Fe2.10O4 
 

0.4032 77 2.97 

Li0.15Mg0.40Ni0.30Fe2.15O4 
 

0.2565 81 3.08 

Li0.20Mg0.40Ni0.20Fe2.20O4 
 

0.45 87 3.27 

Li0.25Mg0.40Ni0.10Fe2.25O4 
 

0.31 90 3.33 

Li0.30Mg0.40Fe2.30O4 
 

0.4 53 1.97 
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CHAPTER 3 

SAMPLE FABRICATION, CHARACTERIZATION AND 

EXPERIMENTAL TECHNIQUES 

 

3.1 Introduction 

To achieve high permeability, high flux density, low loss and good homogenous product 

are apparently highly sensitive to the composition and manufacturing process. Many 

processing methods have been proposed but are mainly divided into two groups; 

1. Conventional ceramic method, i.e., solid state reaction technique, involves 

milling of the reactants followed by heating at elevated temperatures range. 

2. Non conventional method also called wet method. Among these methods, 

some are [1, 2]: 

 Sol-gel synthesis  

 Co-precipitation 

  Organic precursor method  

  Co-spray roasting  

  Freeze drying 

  Combustion synthesis 

  Glass Crystallization 

  Activated sintering 

  Fused  salt synthesis 

Presently, the conventional Ceramic process or Solid State Reaction technique is 

mostly preferred to produce ferrite powders. In this chapter, we describe the solid state 

reaction method that is used in this research work. 
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3.2 Conventional Solid State Reaction Method 

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

from the appropriate amount of raw mineral oxides or carbonates by crushing, grinding 

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

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

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

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

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

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

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

or oxygen at 600C. For some time, this process is continued until the mixture is 

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

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

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

Sintering is carried out in the solid state, at temperature ranging 1100-1400C, for times 

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

shows, diagrammatically, the stages followed in ferrite preparation. 

The general solid state reaction leading to a ferrite MeFe2O4 may be represented as 

  MeO + Fe2O3        MeFe2O4 

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

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

ratio which they will have in the final product, 

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

3) Grinding the calcined powders and pressing the fine powders into the required 

shape, and 

4) Sintering to produce a highly densified product. 

3.3  Details of Calcining, Pressing and Sintering 

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

composition of mixed powders by heating them for a certain time at a high temperature 
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and then allowing it to cool slowly. During the calcining stage, the reaction of Fe2O3 

with metal oxide (say, MeO or Me2O3) takes place in the solid state to form spinel 

according to the reactions [7]:    

    MeO + Fe2O3           MeFe2O4 (Spinel) 

2Me2O3 +4Fe2O3            4MeFe2O4 (Spinel) + O2  

The NiO, MgO and Li2CO3 creeps into Fe2O3 as below, to form an intermediate phase  

            Fe2O3 + NiO             NiFe2O4 

                            5Fe2O3 +  Li2CO3               4 Li0.5Fe2.5O4 +CO2 

         Fe2O3 + MgO              MgFe2O4 

And lastly 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

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

(0.60-2x) NiFe2O4 + (0.40)MgFe2O4 + 2x Li0.5Fe2.5O4   LixMg0.4Ni0.6-2xFe2+xO4. 
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The calcining process can be repeated several times to obtain a high degree of 

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

characteristics of fine powders are [2]: 

1) small particle size (sub micron) 

2) narrow distribution in particle size 

3) dispersed particles 

4) equiaxed shape of particles 

5) high purity 

6) homogeneous composition. 

A small particle size of the reactant powders provides a high contact surface area for 

initiation of the solid state reaction; diffusion paths are shorted, leading to more efficient 

completion of the reaction. Porosity is easily eliminated if the initial pores are very 

small. A narrow size distribution of spherical particles as well as a dispersed state is 

important for compaction of the powder during green-body formation. Grain growth 

during sintering can be better controlled if the initial size is small and uniform. 

A binder is usually added prior to compaction, at a concentration lower than  

5wt % [2]. Binders are polymers or waxes; the most commonly used binder in ferrite is 

polyvinyl alcohol. The binder facilitates the particles flow during compacting and 

increases the bonding between the particles, presumably by forming bonds of the type 

particle-binder-particle. During sintering, binders decompose and are eliminated from 

the ferrite. Pressures are used for compacting very widely but are commonly several 

tons per square inch (i. e., up to 108 N m-2). 

Sintering is defined as the process of obtaining a dense, tough body by heating a 

compacted powder for a certain time at a temperature high enough to significantly 

promote diffusion, but clearly lower than the melting point of the main component. The 

driving force for sintering is the reduction in surface free energy of the powder. Part of 

this energy is transferred into interfacial energy (grain boundaries) in the resulting 

polycrystalline body [2, 8]. The sintering time, temperature and the furnace atmosphere 

play very important role on the magnetic property of ferrite materials. The purposes of 

sintering process are: 

1) to bind the particles together so as to impart sufficient strength to the product, 

2) to densify the material by eliminating the pores and  
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3) to homogenize the materials by completing the reactions left unfinished in the 

calcining step.  

Sintering of crystalline solids is dealt by Coble and Burke [9] who found the 

following empirical relationship regarding rate of grain growth: 



d =ktn  

where 


d  is the mean grain diameter, n is about 1/3, t is sintering time and k is a 

temperature dependent parameter. Sintering is divided into three stages, Fig. 3.2 [2, 10]. 

Stage 1.  Contact area between particles increases, 

Stage 2.  Porosity changes from open to closed porosity, 

Stage 3.  Pore volume decreases; grains grow. 

 

 

 

 

 

 

Fig. 3.2. Schematic representation of sintering stages: (a) greenbody, (b) initial stage, (c) intermediate 

stage, and (d) final stage. 

In the initial stage, neighbouring particles form a neck by surface diffusion and 

presumably also at high temperatures by an evaporation-condensation mechanism. 

Grain growth begins during the intermediate stage of sintering. Since grain boundaries 

are the sinks for vacancies, grain growth tends to decrease the pore elimination rate due 

to the increase in distance between pores and grain boundaries, and by decreasing the 

total grain boundary surface area. In the final stage, the grain growth is considerably 

enhanced and the remaining pores may become isolated. 

In Li-Mg-Ni ferrites, the presence of Li complicates the sintering process because 

high temperature coupled with low oxygen firing will cause Li loss. High density is 

important for high permeability, but so is Li conservation. Tasaki [1] described two 

alternative firings to achieve high density: 

1) Low sintering temperature excluding O2 (Vacuum, argon, nitrogen), 

2) High temperature in pure oxygen to reduce Li loss. 
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Accordingly, other properties correlated along with density: 

1) Lattice constant is greater for O2, smaller for vacuum 

2) Curie temperature is greater for vacuum, smaller for O2 

3) Resistivity is greater for O2, smaller for vacuum. 

3.4 Preparation of the Present Samples 

The Polycrystalline ferrite with nominal chemical composition  

LixMg0.4Ni0.6-2xFe2+xO4 (where x = 0.0 to 0.3 in steps of 0.05) were prepared by standard 

solid state reaction technique. Commercially available powders of NiO (99.9%), MgO 

(99.9%), Li2CO3 (99+ %), Fe2O3 (99.9%), will be mixed thoroughly in an appropriate 

amount by ball milling. The mixed powders were calcined at 600˚C for 6 hours. The 

calcined powders were then pressed into disk- and toroid-shaped samples. The samples 

were sintered at 1050, 1100, 1150 and 1200˚C for 6 h in air. The heating and cooling 

rates for sintering were 5˚C/min. 

 

 

 

 

 

Fig. 3.3. Sample (a) disk shaped, (b) Toroid shaped. 
 

3.5 X-ray Diffraction 

Bragg reflection is a coherent elastic scattering in which the energy of the X-ray 

is not changed on reflection. Let a beam of monochromatic radiation of wavelength  is 

incident on a periodic crystal plane at an angle  and is diffracted at the same angle as 

shown in Fig. 3.4. 

When constructive interference occurs, from Fig 3.4 (a) it can be written as , 

nλ= AB + BC 

As, AB=BC, n λ = 2AB 

Again from Fig 3.4(b), sinθ=AB/d 

So, AB=d sinθ 
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i.e.  nSind 2       (3.1) 

where d is the distance between crystal planes and n is the positive integer which 

represents the order of reflection. Equation (3.1) is known as Bragg law. This Bragg law 

suggests that the diffraction is only possible when  ≤ 2d [11]. For this reason we 

cannot use the visible light to determine the crystal structure of a material. The X-ray 

diffraction (XRD) provides substantial information on the crystal structure. 

Fig. 3.4. Bragg law of diffraction. 

 

X-ray diffraction was  carried out using RIGAKU Smart-lab with rotating anode, 

Lyon Institute of Nanotechnology,France, using Cu-Kα Xray diffractometer  (α = 

1.540593 Å). Basic features of a XRD experiments is shown in Fig. 3.5 respectively. 

 

 

 

 

 

 

 

 

 

 

Fig. 3.5. Basic Features of Typical XRD Experiment 
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The lattice parameter for each peak of each sample was calculated by using the 

formula 

  222 lkhda         (3.2) 

where h, k and l are the indices of the crystal planes. To determine the precise lattice 

constant for each sample, Nelson-Riley method was used. The Nelson-Riley function 

F() is given as  

       //
2

1
)( 22 CosSinCosF      (3.3) 

The values of lattice parameter 'a' of all the peaks for a sample are plotted 

against F(). Then using a least square fit method exact lattice constant 'ao' is 

determined. The point where the least square fit straight line cut the y-axis  

(i.e. at F() = 0) is the actual lattice constant of the sample. The theoretical density th  

was calculated using following expression: 

  3
3

/
8

cmg
aN

M

oA
th         (3.4) 

where NA is Avogadro's number (6.02  1023 mol-1), M is the molecular weight. The 

porosity was calculated from the relation {100(ρth- ρB)/ ρth}%, where ρB  is the bulk 

density measured by the formula ρB = M/V [12].  

 

3.6 Microstructural Investigation 

The microstructural study was performed in order to have an insight of the grain 

structures. The samples of different compositions and sintered at different temperatures 

were chosen for this purpose. The samples were visualized under a high-resolution 

optical microscope (Koehler Illuminator MA 1109, Swift Instruments, Inc.) and then 

photographed. Average grain sizes (grain diameter) of the samples were determined 

from optical micrographs by linear intercept technique [3]. To do this, several random 

horizontal and vertical lines were drawn on the micrographs. Therefore, we counted the 

number of grains intersected and measured the length of the grains along the line 

traversed. Finally the average grain size was calculated. 
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3.7. Complex Permeability Measurement 

For high frequency application, the desirable property of a ferrite is high 

permeability with low loss. One of the most important goals of ferrite research is to 

fulfill this requirement. The techniques of permeability measurement and frequency 

characteristics of the present samples are described in sections 3.7.1 and 3.7.2. 

3.7.1 Techniques for the Permeability Measurement  

Measurements of permeability normally involve the measurements of the change 

in self-inductance of a coil in presence of the magnetic core. The behaviour of a self-

inductance can now be described as follows. We assume an ideal loss less air coil of 

inductance 0L . On insertion of a magnetic core with permeability , the inductance will 

be 0L . The complex impedance Z  of this coil [1] can be expressed as follows: 

  )( ///
00  jLjLjjXRZ      (4.5) 

where the resistive part is               //
0LR    (4.6) 

and the reactive part is                      /
0LX   (4.7) 

The RF permeability can be derived from the complex impedance of a coil, Z, given by 

equation (4.5). The core is taken as toroidal to avoid demagnetizing effects. The 

quantity Lo is derived geometrically as shown in section 3.7.2. 

3.7.2 Frequency Characteristics of the present samples 

The frequency characteristics of the ferrite samples i.e. the initial permeability 

spectra were investigated using and Agilent Precision Impedance Analyzer (model no. 

4294A). The complex permeability measurements on toroid shaped specimens were 

carried out at room temperature on all the samples in the frequency range 300 kHz - 110 

MHz. The real part )( /
i  and imaginary part )( //

i  of the complex permeability were 

calculated using the following relations [4]: 0
/ LLsi   and  tan///

ii  , where Ls is 

the self-inductance of the sample core and dSNL o  2
0   is derived geometrically. 

Here Lo is the inductance of the winding coil without the sample core, N is the number 
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of turns of the coil (N = 5), S is the area of cross section of the toroidal sample as given 

below:  

hdS  , 

where  
2

12 dd
d


 , 

  1d  Inner diameter, 

  2d  Outer diameter,  
h  Height 

and 


d  is the mean diameter of the toroidal sample as given below:  

  
2

21 dd
d


  

The relative quality factor is determined from the ratio




tan

/
i . 

3.8 DC Magnetization measurement at room temperature 

 The DC magnetization (M) measurements were made using a VSM (Vibrating 

Sample magnetometer) at room temperature, made by the Department of Physics, 

Bangladesh University of Engineering Technology (BUET). Diameter of the sample 

was made as it fit to the sample rod finely. In VSM the sample is vibrated at 37 Hz 

frequency and magnetization strength is found from the magnitude of the emf induce in 

the sense coils placed in proximity with sample. The block diagram of the VSM is 

shown in Fig. 3.7. The pickup coils are mounted with axis perpendicular to 

magnetization field so as to minimize error signals arising from field fluctuations. The 

transmission of vibrations at a measured frequency must be carefully avoided, attaching 

a small permanent magnet to the remote part of the vibrating system. This moves its 

own pickup coils and provides a reference signal against which the signal produced by 

the sample can be measured accurately. 
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Fig. 3.6. Block diagram of vibrating sample magnetometer (VSM) 
 

Magnetization values of all samples were recorded by setting up the magnet at a 

maximum applied field of 8 K Gauss. For the calculation of saturation magnetization, 

the values are obtained in milivolts (mV), these values are then calibrated in emu using 

nickel standard of value 1mv=0.279304 emu. The calculated values are then divided by 

mass of the respective sample to obtain the values in emu/g for each sample. 
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CHAPTER 5 

CONCLUSIONS  

 

5.1 Conclusions 

The following conclusions have been drawn from the study of  

LixMg0.4Ni0.6-2xFe2+xO4 ferrites.  

 The XRD analysis of various LixMg0.4Ni0.6-2xFe2+xO4 ferrites confirms that all the 

samples have single phase cubic spinel structure. No impurity peak is found in 

XRD pattern. 

 The lattice constant slightly increases with the increasing of Li content in  

LixMg0.4Ni0.6-2xFe2+xO4 ferrites. This phenomenon is explained on the basis of 

ionic radii. In the present case variant contents are Li, Ni and Fe, while Ni is 

substituted by both the Li and Fe. The variation of the lattice constant ao, and the 

mean ionic radius of the variant ions show similar increasing trend for 

LixMg0.4Ni0.6-2xFe2+xO4 ferrites.  

 It is observed that the density of Mg0.40Ni0.60Fe2O4 and Li0.05Mg0.40Ni0.50Fe2.05O4 

ferrites increased with increasing sintering temperature. On the other hand, 

porosity (P) of the sample decreased with increasing sintering temperature. 

During the sintering process, the thermal energy generates a force that drives the 

grain boundaries to grow over pores, thereby decreasing the pore volume and 

increasing the density of the materials. It is observed that the density of 

Li0.10Mg0.40Ni0.40Fe2.10O4, Li0.15Mg0.40Ni0.30Fe2.15O4, Li0.20Mg0.40Ni0.20Fe2.20O4, 

Li0.25Mg0.40Ni0.10Fe2.25O4 and Li0.30Mg0.40Fe2.30O4 ferrites increases with 

increasing sintering temperature up to 1100˚C, then decreases. On the other 

hand, porosity (P) of the samples decreases with increasing sintering temperature 

up to 1100˚C and a increasing trend is shown beyond it. At higher sintering 

temperatures density decreases, because the intragranular porosity increases as a 

result of discontinuous grain growth that leads to decrease the sintered density. 
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 As sintering temperature goes higher, enlargement of grain occurs in  

LixMg0.4Ni0.6-2xFe2+xO4 ferrites. The thermal energy generates a force that drives 

the grain boundaries to grow over pores and reinforces to increase the grain 

diameter. 

 The real ( /
i ) and imaginary ( //

i ) permeability increase with Li1+ substitution 

up to x=0.25 in LixMg0.4Ni0.6-2xFe2+xO4 ferrite and after that they decrease. With 

the increase of sintering temperature the real part of initial permeability /
i  

increases up to 1100˚C and above 1100˚C a decreasing trend is observed. In 

contrast resonance frequency found to decrease with Li substitution. Larger 

grains tend to consist of a large number of domain walls. The initial permeability 

increases with grain size. DC magnetization value varying to Li content 

increases up to x= 0.25 and start to decrease at x=0.30.Since /
i  is a function of 

magnetization therefore, 
/
i  increases with the increase of Li content up to x= 

0.25 and beyond x = 0.25, /
i  decreases due to the non collinear spin 

arrangements. 

 It is found that resonance frequency is shifted from higher value to lower value 

as sintering temperature increases for all samples. The maximum value of fr 

(58.82 MHz) is observed for Li0.05Mg0.40Ni0.50Fe2.05O4 ferrite sintered at 1100˚C.  

 The loss factor, tanδ is observed to increase with the increase of sintering 

temperature. The increase in sintering temperature results in increased Li loss in 

the samples, thereby creating defects in the lattice, which gives rise to magnetic 

loss. Highest value of Q-factor is observed for various LixMg0.4Ni0.6-2xFe2+xO4 

ferrites sintered at 1100˚C and among these, maximum Q-factor (Q value=4653) 

is found for Li0.25Mg0.40Ni0.10Fe2.25O4 ferrite, similar to /
i . Q-factor is found to 

decrease for particular contents above 1100˚C because at higher sintering 

temperature abnormal grain growth occurs, which creates trapped pores inside 

the grain. This increasing amount of pores influences the loss factor and turns 

into higher value which results a lower value of Q-factor. 

 From magnetization as a function of applied magnetic field, (M-H) curve, it is 

clear that at room temperature the polycrystalline LixMg0.4Ni0.6-2xFe2+xO4 ferrites 
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are in ferrimagnetic state. The saturation magnetization, Ms, as well as the 

number of Bohr magnetron, µB of LixMg0.4Ni0.6-2xFe2+xO4 ferrites, increases 

linearly with increasing Li content. On the basis of cations distribution and 

exchange interaction between A and B sites this phenomenon is explained. The 

possible cations distribution in LixMg0.4Ni0.6-2xFe2+xO4 ferrites is a mixed spinel 

type with a general formula (Fe3+
0.9)A [Li1+

xMg2+
0.4Ni0.6-2x Fe3+

1.1+x]B,  

where the parentheses ( ) and the square brackets [ ] indicate ions distributed on 

tetrahedral A and octahedral B sites, respectively. The saturation magnetization 

is given by the vector sum of the magnetic moments of the individual A and B 

sub-lattices i.e. MS = MB − MA. As a result of substitution, it was observed that 

the saturation magnetization increases as the Li content increases Therefore, the 

MB will increase as a result of substitution. Hence the net magnetic moment is 

increased. On the other hand the saturation magnetization as well as the number 

of Bohr magnetron, µB increases with increasing of content for all the 

compositions. This result is expected because there is evidence from the grain 

size. The magnetization caused by domain wall movement requires less energy 

than that required by domain rotation. From the microstructures, it is observed 

that the average grain size increases with increasing Li contents. So the number 

of walls increases with increasing the grain sizes and this wall movement 

contributes to enhance the magnetization. 

5.2 Suggestions for future work  

It was found that among the LixMg0.4Ni0.6-2xFe2+xO4 ferrites 

Li0.25Mg0.40Ni0.10Fe2.25O4 had the maximum permeability /
i  and maximum  

Q-factor. So Zn and other Metals which prefers A sublattice to occupy, can be 

substituted in Li0.25Mg0.40Ni0.10Fe2.25O4  ferrite to enhance the permeability value. 

Sintering additives like Bi2O3 and V2O5 can be mixed to promote densification 

and getting better result in lower sintering temperatures to magnetic materials. 
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 VI

ABSTRACT 

 A series of polycrystalline spinel type ferrites with the nominal composition 

LixMg0.4Ni0.6-2xFe2+xO4, where x = 0.0 to 0.3 in steps of 0.05, has been investigated 

thoroughly. The samples are fabricated using conventional solid state reaction technique. 

Pellet and toroid shaped samples are prepared from each composition and sintered at 

temperatures of 1050, 1100,1150 and 1200˚C in air for 6 hours. Structural and surface 

morphology are studied by x-ray diffraction technique and high resolution optical 

microscopy, respectively. The AC magnetic properties of these ferrites are characterized by 

high frequency (300 kHz-110 MHz) complex permeability measurements. DC 

magnetizations of all samples are measured by Vibrating Sample Magnetometer (VSM). 

The influence of microstructure, various cation substitution and sintering temperatures on 

the complex permeability of above mentioned ferrites are discussed. A possible correlation 

among sintering temperature, average grain size and density is also discussed.  

It is noticeable that X-ray diffraction patterns of all samples show the formation of 

spinel crystal structure. Lattice parameters are calculated using the Nelson Riley function. 

The lattice constants increase linearly with the increase of Li content, obeying Vegard�s 

law. This result is explained with the help of ionic radii of substituted cations. The 

microstructural study shows that both sintering temperatures and cations substitutions have 

great influence on the average grain size. In LixMg0.4Ni0.6-2xFe2+xO4 ferrites the real part of 

initial permeability, /
i  and saturation magnetization, Ms, increase with the increase of Li 

content up to x= 0.25 and beyond x= 0.25, both /
i and Ms decrease. The decrease of /

i  and 

Ms beyond x= 0.25 indicate the possibility of noncollinear spin canting effect. It is also 

found that /
i  increases with increasing average grain size of the samples. It is also 

observed that /
i  increases with sintering temperatures for all ferrites because high sintering 

temperature performs uniform grain growth. Highest value of /
i  and Q-factor is observed 

for various LixMg0.4Ni0.6-2xFe2+xO4 ferrites sintered at 1100˚C and among these, highest /
i  

( /
i =66 ) and maximum Q-factor (Q value=4653) is found for Li0.25Mg0.40Ni0.10Fe2.25O4, 

ferrite. From DC magnetization data it is found that Li0.25Mg0.40Ni0.10Fe2.25O4 ferrite has 

maximum saturation magnetization value among LixMg0.4Ni0.6-2xFe2+xO4 ferrites. 
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