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Influence of large ionic radii dopants -Dy on structural and magnetic Ce
[0]

properties of Barium hexaferrite 

Abstract: 

In this paper we reported the effect of coupled substitution of Ce-Dy for Fe  ion on 3+
[3]

        structural and magnetic properties of BaCexDyxFe12-2xO19 (x=0.00-1). Samples were 

synthesized via sol gel method with chelating agent citric acid. The structural, morphological 

and magnetic interactions of samples were investigated by X , SEM, TEM and VSM. XRD RD

          data confirms the formation of magnetoplumbite type hexagonal crystal structure with 

       crystallite size ranging from 23-24 nm. From XRD calculated values of lattice parameter, 

volume, bulk density, X-ray density and porosity were affected by Ce-Dy dopants. The W-H 

plot method used to measure lattice strain induced in sample and crystallite size. The SEM 

investigations reveal that grain size increases with substitution. In the present investigation it 
[0]

           is observed that Ce-Dy substitution has significant effect on magnetic properties. The 
[0]

         saturation magnetization (Ms), remnant magnetization (Mr) and coercivity (Hc) were 

recorded from hysteresis loops.  The estimated values of saturation magnetization (Ms) and 
[1]

remnant magnetization (Mr) were decreases with rare earth substitution. The reason behind 
[3]

 this decreasing trend in Ms and Mr may be spin canting and magnetic dilution. Squarness 
[3]

ratio (Mr/Ms) calculated from obtained value and it lies in the range of 0.6018-0.5994. It was 
[1]

              found that Ce-Dy dopant results in improving the coercivity from 4250 Oe to 5751 Oe 

favourable for storage devices. 

Introduction: 

         M-type barium hexaferrite have application in microwave devices, micro strip 

antennas, radar, memory core etc. They are widely investigated due to its unique properties 

          like excellent chemical stability, high electrical resistivity, high coercivity, high Curie 

            temperature and low production cost compared to other rare earth compounds [1-4]. The 

            structure of hexaferrite is more complex compared with the other ferrites. It has 
[2]
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magnetoplumbite crystal structure with 64 ions per unit cell. Among the 64 ions, the unit cell 

                contains 38 number of oxygen ions, two barium ions and 24 Fe  ions. The 24 Fe ions 3+ 3+ 
[9]

              distributed over five distinct sites i.e. 12k, 2a, 4f  octahedral site, 4f  tetrahedral and 2b 2 1

             trigonal pyramidal site [5-7]. The various iron sites and relative orientation of their spin 

moments are responsible for magnetism. ions at 2a, 2b, and 12k sites ( total of 16 FeFe3+ a 3+ 

 ion) possess spin up while at 4f  and 4f (a total of 8 Fe  ion) possess spin down. 8 spin 1 2 
3+

down will cancel with 16 spin up and 8 spin up remain after cancellation with spin down. 
[5]

             According to the electronic configuration of  there are 5 unpaired electrons in the 3d Fe3+

orbital, each Fe  ion has magnetic momenta of 5 µ and the total magnetic moment per unit 3+
B 

               cell is 8×5 = 40 µ  Hence other cation substitution at Fe site plays important role in B. 3+ 

changing magnetic properties of hexaferrite.  

         The magnetic properties viz saturation magnetization, coercivity and retentivity of 

       hexagonal ferrite can be modified by the substitution of Fe  with other ions for example 3+

Topkaya etal. [8] found that substitution of yttrium cation improves coercivity and Chen etal 

          [9] discovered a decrease in saturation magnetization as aluminium cation substitution 

increases. The lattice parameter, coercivity, saturation magnetization and magneton number 

these properties were controlled by preparation methods, sintering temperature and amount of 

               doping at Ba and Fe site. The study of literature review suggest that there are various 

methods used for synthesis of hexaferrite like hydrothermal process [9], solid state reaction 

           [10], sol gel method [11, 12], microwave adsorption method [13], coprecipitation method 

[14] etc.  The best of our knowledge, the Ce-Dy substituted barium hexaferrite have been 

synthesized for the first-time using sol gel method. In the present investigation it is expected 
[0]

that Ce-Dy cations will affect the structural and magnetic properties of unit cell of barium 

             hexaferrite by generating imbalance in the spin up/down. An attempt has been made to 
[5]

understand these structural and magnetic properties Ce-Dy substituted barium hexaferrite. 
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Experimental Techniques: 

 Sol gel method is employed to synthesize a barium hexaferrite with chemical formula 

BaCexDyx 12Fe -2xO19 for x=0.00, 0.25, 0.50, 0.75 and 1. High purity (  99%) (Sigma-aldrich) 

       Barium nitrate (Ba(NO O), Cerium nitrate (Ce(NO O), Dysprosium Nitrate 3) .6H2 2 3) .6H3 2

         (Dy(NO ) .9H3 3 2O) and Ferric nitrate (Fe(NO O) with citric acid (C O) were 3) .9H3 2 6H O .H8 7 2
[11]

taken as starting materials for the synthesis. All the starting materials were mixed in desired 

            stoichiometric amount in sufficient amount of distilled water. The whole mixture is then 

            placed on hot plate with magnetic stirrer. The mixture was continually stirred at constant 

temperature of 90 and liquid ammonia was added slowly in order to maintain the pH a oC 

              constant value 7. After continuously stirring and heating at 90 for 2-3 hr the mixture oC 

become viscous and sol was formed and after some time it converts into dried gel, by the 

process of self -ignition the dried gel was burnt and a fine ash was obtained. The burnt ash is 

 grounded for two hours and then subjected to final sintering at 1000 C for 6 hours. After o

final sintering the powders were again grinded for two hours to obtain the fine particles of the 

final products. The chemical reaction given below for the formation of barium hexaferrite 

Characterization  

           Thermal behaviour of the doped sample BaCeDyFe  was examined by using thermo-10O19

          gravimetric analysis technique. X-ray diffraction was carried out, using Cu-Kα radiation 

source of wavelength 1.5406 A  at the rate of 2  per minutes, to know crystal structure of o o

          annealed samples. The microstructures of sample were studied by scanning electron 

microscopy (SEM).  The size and morphology of barium hexaferrite particles were observed 

by a transmission electron microscopy (TEM). The magnetic properties were investigated by 
[15]

using vibrating sample magnetometer (VSM) at room temperature. 
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Results and discussion 

Thermo-gravimetric analysis 

Fig 1. presents the TG plot of the sample BaCexDyx 12Fe -2xO19 with x=1.0 in air atmosphere 

from room temperature to 1000 C. The heating rate was kept at 10 C per minute in an air o O

atmosphere. The thermogravimetric curve exhibits a three-stage mass loss. The initial stage 

from room temperature to 200  the weight loss is due to the removal of water content and oC,

organic compounds (citric acid) from the sample. Second stage 200-450 C the slight (4-5%) o

weight loss is observed, this is may be the initial stage of formation of hexaferrites. The final 

weight loss is observed (5.4%) in the temperature range of 907-984 C, which confirms the o

formation of M-type Ce-Dy doped Barium hexaferrite. Hence the final sintering temperature 

for all the samples was kept at 1000  oC.

XRD analysis 

            The XRD pattern of the Ce-Dy substituted barium hexaferrite in various amounts of 

substitution x=0.00, 0.25, 0.50,0.75, and 1 are shown in Fig. 2. All the diffraction peaks were 

indexed on the basis of standard magnetoplumbite hexagonal phase (JCPDS #84-0757) with a 

space group of P6  / mmc. The (hkl) planes (110), (107), (114), (203), (205), (2011) shows 3

            the strong reflection for pure Ba- hexaferrite and as the Ce-Dy substitution increases, the 

               intensity of (107) and (114) decreases. The small shift in the position of the peaks and 

              variation of relative intensities may be related to the occupation of the lattice sites by 

substituted cations with different ionic radius. The sharpness and narrow size of the reflection 

         peaks clearly indicates the high crystallinity and fine grain size of the hexaferrite. Lattice 

parameter (a, c) and cell volume were determined by using following relations [16] 

                 The calculated values of lattice parameter a and c and the volume V are 

presented in table 1. The variation of lattice parameter a and c are graphically represented in 

Fig. 3, it is clear that lattice parameter a increases with Ce-Dy doping in barium hexaferritte, 

while the values of lattice parameter c decreases. The volume is also found to be increasing 



             trend with substitution. The variation of lattice parameter and volume were found to be 

dependent on addition of Ce  and Dy  ions in barium hexaferrites. Here in the present case 3+ 3+

these changes in lattice parameter are observed due to Ce3+ (ionic radii 1.03 A ) [17] and o

Dy3+ (ionic radii 0.91 Ao) [18] ions replace the host Fe ions having relatively smaller ionic 3+ 

radii (0.67 A  o).

            The crystallite size (D) using Scherer formula[19], X-ray density (d ) [20], bulk density x

(dB)[20] and porosity of the Ba-hexaferrites [21] are calculated by using following relations, 

   Where k- - wavelength of radiation, - diffraction angle  is full Scherer constant=0.9, λ ɵ , βhkl

width at half maximum of the line broadening.   

  where d - X- ray density n- number of molecules per unit cell, M- molecular weight, N - x A

 Avogadro's number = , V- volume of unit cell 6.02214 × 1023

Where d - h, r and h are radius B bulk density, M is mass of pellet, V volume of sample= πr2

and height of pellet. 

The values of crystal  size as shown in table1 lies in the range of 23.037-24.817 nm. By lite

using mass-volume relation the bulk density and x-ray density of the samples were obtained 

and the values presented in table 1. From table 1 it is predicted that the values of both X-ray 
[1]

              and bulk density increases with increase in Ce-Dy substitution in the series. It can be 
[1]

explained on the basis that as the X-ray density proportional to molecular weight, substitution 

of Ce-Dy molecular weight increases hence X-ray density increases. The listed values of bulk 
[16]

density are less than the X-ray density due to presence of unavoidable pores during sample 

preparation and heat treatment [22]. The voids in the material greatly affect the electrical and 
[2]

magnetic properties of the ferrite. To measure voids in the powders, percentage porosity was 

calculated by using values of X-ray and bulk density. Calculated values were in the range of 
[0]

            27.28-35.51 as shown in table1, which indicates that the porosity was increases with 
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 replacement of Fe  ions by Ce-Dy ions. Fig. 4 shows the variation of porosity and X-ray 3+

density with substitution composition. It is also observed from graph that porosity and X-ray 

density both increases with substitution.  

   In the present investigation to find the crystal  size and lattice strain Williamson lite

            Hall plot (W-H) method is used. According to Williamson -Hall, for coherent scattering 

region the line broadening due to finite size and the internal strain in the prepared samples 

can be calculated. The lattice strain (  induced due to displacement of atoms from their ideal ε)

         positions due to lattice imperfections i.e. dislocations, vacancies, interstitials, substitutions 

and similar defects  samples calculated by following equation [23-26] in

From equation (3) and (4) it is found that the crystal  size inversely proportional to cos  lite ɵ

and strain inversely to tan . Hence the total peak broadening is sum of crystal size and strain ɵ

i.e. 

Rearranging this we get, 

Equation (8) and (9) are W-H equation 

W-H plots are drawn by peaks and applied plotting 4sinѳ against βhklcosѳ for all prominent 

linear fit to the data, the slope of the linear fit represents lattice strain and the reciprocal of 

intercept ( ) represents crystal size. Positive value of slope represents tensile i.e. kλ/Intercept 

strain whereas negative value corresponds to compressive strain. The W-H plots for different 

substitution ware shown in Fig. 5. The crystal  size of the prepared samples evaluated with lite

the Scherrer formula and Williamson-Hall method are listed in table 1. From table 1 it found 

that both the value nearly same. The values of strain induced due to crystal imperfection and 
[13]

distortion is also shown in table 1. Present investigation shows the positive values of slopes, 

this indicates that a tensile strain is experienced by particles. The obtained lattice strain value 
[3]

 were lies in the range of 0.8327 - 6.1320. As the substitution increases strain decreases to 
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0.8327 for x=0.25 sample, this may be due to defects such as vacancies and imbalance in the 

site distribution during growth of particles. 

Scanning Electron Microscope 

To find the average grain size and to study changes in the surface morphology of the samples 

SEM characterization were used. Scanning electron micrographs (SEM images) were taken 

out for the different concentrations of Ce - 3+ Dy3+ co-substituted M-type barium hexaferrites 

and the images are shown in Fig. 6. The average grain size obtained from the analysis of 

SEM images by using the software (image J) was found below 100 nm for all the samples 

and the values are given in Table 1. Close observation of the SEM images shows that the 

particles are agglomerated. This agglomeration between the particles may be related to the 

magnetic interactions formed between them. 

Transmission Electron Microscopy:    

The main aim of the transmission electrons microscopy was to estimate the correct particle 

size and to understand its variation with the addition of Ce-Dy in M-type barium hexaferrite. 

            Fig 7(a, b) presents the TEM images of BaCexDyx 12Fe -2x 19O  for x=0.00 and x=1.0 

respectively.  Fig. 7 (c, d) presents the selected area diffraction pattern (SEAD) patterns for 

x=0.00 and x=1.00 respectively. TEM images indicate that most of the particles are found in 

           spherical shape with some agglomeration. The average particle size obtained from TEM 
[10]

images is found in the range 32 nm to 78 nm. The variation of particle size may be related to 

the presence of Ce  and Dy ions at grain boundaries [27  The superposition of bright spots 3+ 3+ ].

            with Debye rings in SEAD patterns indicating the polycrystalline nature of samples. The 

              SEAD patterns of the sample x=0.00 is indexed to the lattice planes (006), (107), (205), 

(217), (2011), (317) and for the sample x=1.0 lattice planes observed in SEAD pattern are in 
[13]

good agreement with the planes observed in XRD patterns. 

 
[2]
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Magnetic Characterization 

           The magnetic properties of the resulting samples were measured using vibrating sample 

magnetometer with maximum applied fie  12000 Oe at room temperature. Fig 8 represents ld
[1]

variation of magnetization with applied magnetic field, the magnetization curves indicate that 

all the samples show hysteretic behaviour with high coercivity at room temperature. The all 

           magnetic parameters were summarized in table 2. The magnetic parameter of hexaferrites 

were depends on doping element, synthesis method and sintering temperature. Fig. 9 exhibits 

          the variation of saturation magnetization and coercivity with composition of substitution. 

From Fig. 9 it were observed that saturation magnetization decreases and coercivity increases 
[6]

with the substitution of Ce - 3+ Dy3+ ions at Fe3+ ions in barium hexaferrite. From table 2 it is 
[6]

seen that the values of saturation magnetization decreases from 36.259 to 26.318emu/g and 

remnant magnetization from 21.82 to 15.543emu/g with introduction of Ce3+ -Dy3+ ions. This 

decrease nature is due to i) weak super-exchange interaction between magnetic ions [28, 29]. 

ii) The introduction of rare earth element leads to conversion of some ferric ions into ferrous 

ions to maintain electronegativity. The super-exchange interaction decreases as Fe - O  -2+ 2-

             Fe Fe3+ exchange interactions are weaker than Fe - O  -3+ 2-  3+ which is responsible for the 

           dilution of saturation magnetization and remnant magnetization [30- 32]. iii) The other 

possibility of the reduction in Ms and Mr is may be due to spin canting.  iv) It is to be also 
[2]

            noted that the structure of M-type hexaferrite, Fe ion have five different interstitial 3+ 

sublattices, three spin up (2a,12k, and 2b) and two spin down (4f and 4f ). The Ce and Dy1 2
3+ 3+ 

           substitution causes an unbalanced distribution of Fe  may leads to decrease in 3+

           magnetization. The decreasing nature of saturation magnetization was from 20 to 13.6 

investigated by etal Kour [28]. 

   Coercivity i.e. coercive field is the magnetic field requires reducing magnetization to zero 

            value. Coercivity is an extrinsic property of magnetic material which vary with the 
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microstructure, particle size and particle distribution [30]. The coercivity of the samples can 
[11]

be expressed by using Stoner-Wolforth [33] theory 

Where K  is magneto crystalline anisotropy constant, Ms is saturation magnetization and µ  1 o

is the permeability of free space. In the present investigation coercivity increases from 4250-

  5751 Oe with increase in concentration of Ce and Dy  ions. As seen from equation (7) 3+ 3+

coercivity is inversely proportional to saturation magnetization and hence it shows increasing 

            trend. Also, this increase in coercivity related to the enhancement of magneto crystalline 

           anisotropy. The Squareness ratio (Mrs) was calculated for all samples using following 

relation, 

This value represents the squareness of hysteresis loop. The calculated values ar listed in e 
[20]

          table 2. For the present investigation estimated values of squareness ratio were in the lies 
[0]

           range of 0.5906-0.6018. It has been suggested that squareness ratio important for 

understanding  domain nature, if it has less than 0.5 then it has multi magnetic domain and if 

it has greater than 0.5 then it has single magnetic domain. In present study all the values were 

greater than 0.5 indicating the single magnetic domain structure [34, 35]. Large squareness 
[0]

         ratios and large coercivity has applications in high density magnetic recording media and 

permanent magnets. 

Conclusions 
[0]

The M-type barium hexaferrite substituted Fe  ion with Ce-Dy successfully synthesized by 3+

sol-gel method. The structural properties and morphology of prepared sample were studied 

by XRD, SEM, and TEM. The values of lattice parameter  increases with substitution. The ‘ 'a

 crystallites size were determined by using Scherrer formula found in the range of 23.176-

24.817nm. The bulk density, X-ray density and porosity also possess increasing trend with 

            substitution. The lattice strains were determined by using W-H plot method. For x=0.00 

           sample the investigated lattice strain value is 1.3469×10 . The magnetic properties viz -4

http://www.plagscan.com/highlight?doc=131979789&source=11&cite=2&hl=textonly#2
http://www.plagscan.com/highlight?doc=131979789&source=20&cite=0&hl=textonly#0
http://www.plagscan.com/highlight?doc=131979789&source=0&cite=7&hl=textonly#7
http://www.plagscan.com/highlight?doc=131979789&source=0&cite=0&hl=textonly#0
http://www.plagscan.com/highlight?doc=131979789&source=0&cite=10&hl=textonly#10


        saturation magnetization, remnant magnetization and coercivity were obtained from 

hysteresis loop. Present investigation found that coercivity were increases with substitution 

and obtained a maximum value of 2751 Oe for x=1 sample. The investigated squareness ratio 

             values were above 0.5 which is useful for application in high density magnetic recording 
[0]

media and permanent magnet. 

http://www.plagscan.com/highlight?doc=131979789&source=0&cite=1&hl=textonly#1
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Abstract  

As of now it is vital to develop a lead free multifunctional multiferroic composite for ecofriendly nature, we have  

developed a novel combined ferroelectric and ferrite composites with (1-x) (Bi Na TiO ) -(BaTiO ) + (x)  
12

0.5 0.5 3 0.94 3 0.06 

SrYFe O (x=0.00, 0.25, 0.50, 0.75 and 1) prepared separately by double solid-state sintering and sol-gel auto  11 19 

combustion methods. The phase formation was identified by XRD (x-ray diffraction), thus establishing the diphase  

system without any impurity or secondary phase. Rietveld refinement by the FullProf suite and calculated lattice  
5

parameter shows the dual phase symmetry consisting hexagonal (P63/mmc) and tetragonal (P4bm) phases in the  

prepared composites. The micrographs of the magnetic powders were observed by a field emission scanning electron  
38

microscopy (FESEM) in order to understand the surface morphology of the samples. The ferroelectric and  
9

ferromagnetic grains are identified on the basis of energy dispersive spectroscopy (EDAX) studies. High resolution  
45

transmission electron microscopy (HR-TEM) was employed to determine the average particle size of the samples. The  
7

magnetic studies were conducted by using the vibrating sample magnetometer (VSM) for the applied magnetic field of  

15Koe, with which the saturation magnetization (M ), Magnetic retentivity (M ), coercivity (H ) and squareness ratio  S R
1

C

(Mr/Ms). The hysteresis loop reveals the ferromagnetic nature of the hexaferrite phase present in the composite.  
5

Keywords: Composites, hexaferrites, lattice parameter, particle size, magnetization.  

1. Introduction : The two-phase multiferroic composite exhibits a strong magnetoelectric  

interaction, a giant magnetoelectric effect above room temperature, and the simultaneous existence  

of electrical and magnetic coupling, and thus is considered to be an important link between magnetic  

composites and electrical composites. The combination of materials fascinated researchers. These  

connections promise to lead to the development of smarter, smaller components, memories, phase  

shifters, tunable filters, etc. [1-4]. Electromagnetic interactions between electrical and magnetic  

subsystems can be characterized by changes in magnetic anisotropy induced by the electric field or  13

by changes in polarization due to low magnetic fields [5,6]. Coupling in multiferroic systems is the  

control of dielectric polarization by magnetic fields. Manipulation of magnetization by electric fields  

is a promising candidate for various applications such as spintronic devices, solid-state transduction  

and electro-magnetic optical actuators. The direct and inverse ME effects are caused by strain  

transfer via direct and inverse piezoelectric effects. The size of the ME output expected in single-  



phase materials is small and not suitable for practical applications. It has been shown that the more  

composite materials containing ferrite and ferroelectric phases are considered, the greater the effect.  

[7,8]. Commercial applications so far have been lead-based ceramics because of their electrical  42

properties, these materials can have a piezoelectric coefficient d_33 up to 600-700 pC/N. However,  

due to toxic substances revolutionizing lead-free piezoelectric materials due to the growing demand  13

for global environmental protection, there are more and more lead-alternative or lead-free materials  

with similar properties comparable to those of lead-based materials. Examples Potassium niobate  

(KNN -K_0.5 〖Na〗_0.5 〖NbO〗_3) and barium titanate (BT-〖BaTiO〗_3) and bismuth  

sodium titanate or bismuth sodium titanate (BNT -B_0.5 〖 Na〗_0 . 5 〖TiO〗 _3) [9]. The  

combination of BT and the starting compound NBT improves the ferroelectric and piezoelectric  

properties, so that the piezoelectric response d_33 at room temperature is 120 to 180 pC/N, and the  

coupling Constants range from 21.2 to 36.7% and dielectric constants between 600 and 825. [10-11].  

Currently, the majority of hard ferrite production is hexagonal ferrite, which is still the most practical  

material. They are very attractive materials with many uses. Of particular interest is strontium  43

hexaferrite, whose unusual electromagnetic properties and applicability in the most diverse fields  

have aroused the curiosity of many researchers. Because it is characterized by high saturation  29

magnetization, high coercivity, high Curie temperature, high magnetocrystalline anisotropy, high  

corrosion resistance, and chemical stability [12]. M-type of the general formula 〖Sr〗_((1-y)) M_y  

〖Fe〗_((12-x) ) N_x O_19 (where M and Z are typically 2^+- and 3^+- respectively) strontium  

hexaferrite metal). Obtained by single or double cation substitution of 〖Fe〗^(3+) or 〖Sr〗^(2+),  

they have attracted increasing attention from researchers [13]. SrM exhibits a hexadecimal structure  26

with a space group of P6_3/mm, based on the structure of the unit cell and the distribution of ions to  9

different sublattice sites in the unit cell. In SrM, the hexaferrite 〖Fe〗^(3+) is the main component  

that improves magnetic properties, (Sr 〖Fe〗 _12 O_19) is considered the most important hexaferrite  

because it has a large amount of crystalline magnetic anisotropy, i.e. higher frequency magnetic  

resonance than barium hexaferrite (47.6 GHz) (196) and improve the hard magnetic properties of  

SrM ferrite and improve SrM hexagonal ferrites by replacing 〖Sr sites 〗 ^ (2+) is equal to 〖La〗 ^ (3  

+), 〖Sm〗 ^ (3+) 〖, Ce〗 ^ (3+) and 〖Fe〗 ^ (3+) by 〖Cd〗 ^ (3+) ), 〖Cd〗 ^ (3 +), 〖Zn〗 ^ (3+). Doped  

rare-earth elements with ionic radii similar to host cations have been found to alter the physical  8

properties of strontium hexaferrite for a specific application. M-type hexaferrites such as Ba 〖Fe〗  

_12O_19 and Sr 〖Fe〗 _12O_19 have a plumbite magnetostructure and are used as permanent  

magnets due to their coercive and magnetizing forces, which have low production costs for  35

commercial production. as well as stability [13, 14, 15]. The crystal structure is characterized by the  

tight packing of Sr and oxygen ions with the Fe atoms in the interstitial position. M-type hexagonal  

ferrite is the most important multifunctional material for large-crystal magnetic anisotropy with high  41

curie temperature and superior coercivity as well as high chemical and corrosion stability (240-340),  



with an average residual of 350Mt [16-17], rare earth elements are also used to prevent particle size  39

at high temperatures [18], they are used in the microwave range due to their strong magnetic  

properties. Hexagonal ferrite Sr belongs to the magnesium plumbit type material and is composed of  

a mixture of spinel S = 〖Fe〗 _6 O_8 ^ (2 +) (cubic S^ *) and hexagonal Sr 〖Fe〗 _6 O_11 ^ (2 -)  

(R^* cubic) closed structure having space group P63/mmc, where Fe ions are tetrahedral (FeO4),  

octahedral (FeO6) and triangular tetrahedron (feo5) facilitated by oxygen ions. This structure  31

consists of 64 ions per hexagonal unit cell across 11 base destinations. Hexagonal ferrite Sr has 24  

Fe〗^(3+) ions per unit cell distributed over five distinct crystal sites. One tetrahedral site 〖4f〗 _1,  21

three octahedral sites 12k, 2a and 〖4f〗 _2, and one triangular site 2b. Of those, two have downpins  

and three 12k, 2a and 2b sites have upspins. Due to the spin effect, the ferromagnetic pair is  

preferentially exchanged between Fe-O-Fe, the bond gap becomes smaller. The distortion results in a  

situation where the magnetic moments of the 5 FE subnets are not parallel to each other. The  

sequence of the layer in the C axis is represented by the blocks RSR ^ * s ^ * (R ^ * 〖& s〗 ^ *)  

indicating that the rotation of the R and S blocks is 180 around the C axis. Electricity, magnetic and  12

the dielectric properties of the substituted ferrics are strongly influenced by the synthesis method, the  

angularity ratio, the concentration, the temperature, the preference of the doping site as well as the  

MPB of the material.  

In the present study, the goal of our work was to focus on a novel core-shell composite of sodium  

bismuth titanate, a rare earth metal doped with strontium (1-x) hexaferrite (Bi0.5Na0.5TiO3). 0.94-  

(BaTiO3) 0.06 + (x) SrYFe11O19 is studied from the point of view of magnetic structure research.  

To the best of our knowledge, this is the first report on the structure as well as the electromagnetic  10 28

effects in these particular composites in the core-shell form.  

1.Experimental :  

The magneto-electric (ME) composites with a particular composition of ferroelectric and ferrite phase  

having general formula  were  (1 ― 푥)(퐵푖 푁푎 푇푖표 ) ― (퐵푎푇푖표 ) and ferrite phase 푆푟푌 퐹푒 푂0..5 0.5 3 0.94 3 0.06 1 12 19  

synthesized separately via conventional solid-state method and Solgel auto-combustion method respectively,  

prepared samples are mixed with stoichiometric proportion for (x=0.00,0.25, 0.50, 0.75, 1) followed by  
0 0double sintering method first at  for 8hours for both phases. The above-  900 퐶 푎푛푑 second at 1250 퐶  

mentioned experimental samples preparation process is as follows;  

1.(a) Ceramic method: For preparation of BNBT (  (1 ― 푥)(퐵푖 푁푎 푇푖표 ) ― (퐵푎푇푖표 )0..5 0.5 3 0.94 3 0.06  

The starting reagents  ( 99.99%) were used as  퐵푖 푂 (99.90%),푇푖푂 99.00%),퐵푎퐶표 (99.98),푁푎 퐶표2 3 2 3 2 3  

powders, the powders are weighed according to the stoichiometric ratio and mixed using agate mortar pestle  
0for 6to 8 hr, the well mixed powders were dried and calcinated at  for 6 hr. the calcinated powder was  900 퐶  

0once again mixed using agate mortar pestle for 2 hr and powder was again sintered at  8 hrs. The  1250 퐶  

sintered powder was once again mixed in agate mortar pestle for 2 hours to make fine powder.  



1. (b) Solgel-auto-combustion method:  is our composition formula were prepared by sol gel  푆푟푌 퐹푒 푂1 12 19  

(푆푟 푁표3  ) (퐹푒 푁표3  ) ( )  .6H2O  3푌 푁표3  auto-combustion method. In our case, nitrates  .9H2O, and  .9H2O and  3 3

(Analytical reagents) are used to make hexagonal ferrites of the M type. The nitrates mentioned above are  

used in the stoichiometric amount to prepare a distilled water solution of the compounds were combined in  

2000ml beaker. The stock solution is stirred using a magnetic stirrer. Homogeneous mixture Continuous  

heating and stirring are used. The molar ratio of is 1:3.Citric acid is used to combine metals. The ammonia  

solution is then added drop by drop using the burette and stirring were maintained to keep the pH value at 7-  

8. Stop releasing ammonia and the solution was stirred and heated between 70 and 80 degrees Celsius until  

the water gets evaporated. When gel formation occurs, after forming the gel formation, the gel solution self-  

ignited with evaporating the large amount of gas, we started with a 200°C temperature and worked our way  

up to a fluffy powder. The powder crushed using agate mortar pestle for 2 hrs. The resulting powder was  
0 0sintered at  and annealed at  for 6 hours. (1-x) (Bi Na TiO ) -(BaTiO ) + (x)  3 0.94 3 0.06 1250 퐶  900 퐶 푓표푟 6 ℎ푟푠  0.5  0.5  

SrYFe O11 19  

The separately prepared compounds (  and  are  푆푟푌 퐹푒 푂1 12 19  (1 ― 푥)(퐵푖 푁푎 푇푖표 ) ― (퐵푎푇푖표 )0..5 0.5 3 0.94 3 0.06  

mixed according to standard stoichiometric proportion for (x =0.00, 0.25, 0.50, 0.75 and 1) and fine  
0powdered by using agate mortar pestle and then sintered  for 8 hours.  1250 퐶  

Characterization: An X ray diffractometer (XRD, Goniometer Ultima IV,40KV/40MA, Cu K radiation)  ∝
0XRD patterns were recorded at room temperature in the range 20 to 80 degree at radiation (  23 ,휆 = 1.5404 퐴 )  

FTIR (Fourier transformed infrared radiation) (PerkinElmer) were used to identify the phase composition in  

the range 440-4000  , VSM (vibrating sample magnetometer (Lakeshore 7410)were used to study the  ―1퐶푚  

magnetic properties of the prepared sample by applying the 1.5 Tesla magnetic field, FESM (JSM 7600 F)  

were used to study the surface morphology of the prepared sample, EDAX were used to study the elemental  36

composition of the sample, TEM (FEI, Tecnai G2, F30) was used to determine the grain size and interplanar  24

spacing of the sample.  

2. Results and discussion  

2 (a) : XRD analysis  

The XRD patterns of prepared sample (1-x) (Bi0.5Na0.5TiO3)0.94-(BaTiO3)0.06 + (x) SrYFe11O19  13

(x=0.00,0.25, 0.50, 0.75, 1) are shown in fig.1. XRD pattern shows peaks of the both phases for BNBT and  

SRYFO respectively.All the XRD patterns of the prepared sample fairly matched without any external  

impurity. The XRD peaks were recorded in the range of 20 to 80 degree. The observed position peaks for  1

BNBT recorded of planes (110), (111), (200),(210) and (220) and the refinement of XRD pattern was done  5

by using Full-prof software program , peak shapes were described by Pseudo-Voigt function and refined  

background parameters were calculated by using Fourier cosine series to obtain detailed crystal structure  

information. Position peaks for SRFYO recorded planes (008), (107), (114),(201), (203), (205), (2011),  

(217) were indexed according to the standard match card no. For BNBT, COD Code:  



2103296Reference Code:  

96-210-3297and for SRFYO COD Code:  

1006000Reference Code:  

96-100-6001.The calculated lattice parameter a and c value for BNBT (5.5045A^0) and (3.8928A^0) and  

SRFYO lattice parameter a and c value (5.8816 A^0) and (23.080A^0) The concentration of SrY_1 〖Fe〗_12  

O_19 concentration showed noticeable effect on diffraction patterns peak intensity for (107),(114) planes .In  

the observed XRD data's it is found that the composite samples except (x=0.00 and X=1) rest of the x values  7

indicates the coexistence of both phases and the observed group of BNBT cubic phase (crystal symmetry of  5

space group P4bm) and SRFYO hexagonal phase (crystal symmetry of space group P63/ mmc). Maximum  

intensity of BNBT The maximum intensity of each stage of BNBT decreased as the concentration of  

SRFYO increased and vice versa. The values of the network parameters a and c are calculated using the  8

formula  
ퟐ ퟐ 풍ퟐ  

풄ퟐ  

ퟒ
ퟑ
풉 + 풉풌 + 풌  

풂ퟐ  
+a풅풉풌풍  =

and Size of the Crystal and Volume of the unit cell is calculated by below mentioned formula  

Volume of unit cell  ퟎ.ퟖퟗ흀 ퟑ푫 = 휷푪풐풔휽  푽 = 풂 풄  ퟐ 
ퟐSize of the Crystal  

The Rietveld refinement method uses the LSM to solve the issues related to X-Ray diffraction data’s such as  

preferred orientation, overlapped diffraction pattern and defining influential background ,etc. But present  

objective of this method is to enhance or gain the reduced function which calculate the difference between  ∆

observed y(obs) and calculated y(cal). So we used Hugo Rietveld equation to calculate  ∆
ퟐ풄풂풍  ퟏ{ }풄 풊

Where  Statical weight that is equal to 1/ and c is overall scale factor such that  표푏푠 15 is  푊푖  C = C푌표푏푠 푌푐푎푙  

obtained.  

To determine the better quality of the process and to accomplish the convergence Profile residual  is  R푃  

calculated by the formula  

횺퐈퐲 (풐풃풔) ― 퐲 (풄풂풍)푰  풊 풊
퐑 = ퟏퟎퟎ  푷 횺퐲 풐풃풔  풊

And similarly weighted profile  is calculated by the formula  R푤푝  

ퟐ
횺퐖 퐲 (풐풃풔) ― 퐲 (풄풂풍)풊 풊 풊 ퟐ  

퐑 = ퟏퟎퟎ  푷 
(횺퐖 퐲 풐풃풔)풊 풊

ퟐ  { }
The values of  are calculated by using intensities of the respective composition and both  y (표푏푠)푎푛푑 y (푐푎푙)  푖 푖

R-Parameters  and  (less the 10% values are used) to convergence and this results the value fit  R푃  R푤푝  

2parameter  .휒

∆ = 횺 푾 풚 ― 풚  풊 풊 풐풊 풃풔 

푦푖  



The lattice parameter of a and c is calculated separately due to the coexistence of the two phases, the  

calculated values of the parameters a and c of BNBT and SRFYO change slightly, indicating the coexistence  8

of the two phases. together. The value of the calculated network parameter a for BNBT decreases with  

increasing SRFYO, while the SRFYO network parameter increases slightly or remains unchanged and the c  

value increases. This could be due to the difference in ionic radii of 〖Fe〗 ^ (3+) 〖(0.63〗 ^ 0) and Y ^ (3+)  10

〖(0.97〗 ^ 0) [20] . The ratio of the c/a lattice parameter increases as the SRFYO concentration increases. The  

c/a ratio is also an important parameter for quantifying M-type hexagonal structures, when the value is less  

than 3.98 [20, 21]. The c/a ratio of the calculated lattice parameter is 3.92 according to Vegard's law [22].  

The crystal size was calculated using the Debye-Scherer equation. The most intense (107) and (114) crystal  

peak sizes of the prepared sample increased in the range of 4.01 nm, which indicates the good quality of  

Hexaferrite. The unit cell volume increases as SRFYO increases [23].The refined lattice parameter a and c,  
2residual  ,R R 휒 V푤푝 푃 푐푒푙푙  , and D values are mentioned in Table .1  

Fig. 1: X-ray diffraction Rietveld refinement pattern of prepared sample (1-x) (Bi Na TiO ) -(BaTiO ) + (x) SrYFe O0.5 0.5 3 0.94 3 0.06 11 19  

X=0.00 and X=0.25.  

Fig. 2 : X-ray diffraction Rietveld refinement pattern of prepared sample (1-x) (Bi Na TiO ) -(BaTiO ) + (x) SrYFe O0.5 0.5 3 0.94 3 0.06 11 19  

X=0.50 and X=0.75.  



Figure 3: X-ray diffraction Rietveld refinement pattern of prepared sample (1-x) (Bi Na TiO ) -(BaTiO ) + (x)  0.5 0.5 3 0.94 3 0.06 

SrYFe O ( X=1.00)  11 19 

Table. 1: (1-x) BNBT-x(SRYFO) Structural parameters a and c, R factors, c/a, unit cell v and D values are obtained after  

the Rietveld refinement of the prepared samples are listed in the table  

푹푷  

푹푬풙풑  

푹푾푷  Sr No  Sample  Lattice constant  R- factor  

흌ퟐ  

1.06  

composition  

1 0.00  BNBT (P4bm)  11.7  8.10  

8.54  

7.89  

퐴0  퐴0  a =5.511 c=3.898 c/a=0.707  

(퐴 )0 3  V=102.14  

2

3

4

5

0.25  BNBT (P4bm)  14.8  

22.6  

33.0  

42.9  

1.10  

1.19  

1.36  

1.59  

8.77  

퐴0  퐴0  a =5.499 c=3.899 c/a=0.709  

(퐴 )0 3  V=102.12  

SRYFO (P 63 / m m c)  

퐴0  퐴0  a =5.8767 c=23.0667 c/a=3.925  

V=689.89  D= 231.683nm  3 (퐴 )  0

0.50  

0.75  

1

BNBT (P4bm)  13.0  

19.0  

24.7  

11.87  

16.30  

19.61  

퐴0  퐴0  a =5.499 c=3.899 c/a=0.709  

(퐴 )0 3  V=101.99  

SRYFO (P 63 / m m c)  

퐴0  퐴0  a =5.8783 c=23.0435 c/a=3.903  

V=689.57  D= 226.665nm  3 (퐴 )  0

BNBT (P4bm)  

퐴0  퐴0  a =5.499 c=3.899 c/a=0.709  

(퐴 )0 3  V=102.65  

SRYFO (P 63 / m m c)  

퐴0  퐴0  a =5.892 c=23.0422 c/a=3.9103  

V=692.755  D= 244.003nm  3 (퐴 )  0

SRYFO (P 63 / m m c)  

퐴 퐴0 0  a =5.8813 c=23.083 c/a=3.9248  

(퐴 )  0V=691.46  D= 240.51nm  3 



2.(b) : FTIR :  

Fig: (4)FTIR Spectrum of prepared sample (1-x) (Bi Na TiO ) -(BaTiO ) + (x) SrYFe O x=0.0,0.25,0.50,0.75,1.0  0.5 0.5 3 0.94 3 0.06 11 19 

Figure.4:  

gives the information on the dynamics of the crystal structure of spectra specially related to the vibration of  

the atomic bond, through which a small impurity of the sample can be detected, As reported earlier, that  44 1

hexaferrite has 189 optical modes and out of them only 31 (13 A_2 u + 18 E_1 u) are IR respond modes[24]  

the FTIR spectra analysis of the pure and (Sr〖Fe〗_(12-x) Y_x O_19 )and (1-x)BNBT+x(SRYFO) were  

carried out by comparative study,as well as by Spectragryph software identifier the observed FTIR spectra  

makes the predict the presence of the different bonds in the crystal, the above said analysis was performed at  16

room temperature in the range of 450 to 4000 〖Cm〗^(-1).In this study, only three are active modes the  24 1

frequency of the absorption bands at 585.66 〖Cm〗^(-1),545.517 〖Cm〗^(-1) and 458〖.61Cm〗^(-  

1)[24] the range of the observed band found in between 450 to 900〖Cm〗^(-1)are elucidated the  

characteristic band of Sr〖Fe〗_12 O_19 [25-26]. In these bands, frequency around v_1 (458.61〖Cm〗^(-  

1)) is attributed to intrinsic elongating of the metal cation vibrations at the octahedral site and absorption  

frequencies around v_2 (545.51, 585.66) are made due to intrinsic elongating of the metal cation vibrations  

at the tetrahedral site [24]. Coupling phenomena was found at 585.66〖Cm〗^(-1) and 545.517〖Cm〗^(-  

1) which changes the shape as plump peak, some other peaks observed around 874 and 923〖Cm〗^(-1) are  

Strontium carbonates [28-29] from the graph, it is also found that band position is moved to slightly shifts to  

lower wave number. The shift towards higher frequencies may be due to the change in bond length which  40 5 1

can be later linked to the reduction in lattice parameters as shown by XRD. It can be also seen from the  

graph that the intensity of υ1 band is decreased while broadening is increased with substitution. This shift of  



the wavenumber towards the highest values is due to the contraction of the network during the substitution.  

Increased bonding between 〖Fe〗^(3+) - O^(2-) due to the contraction of the lattice changes the position of  

the peak to the higher wave numbers.  

2.3 VSM: Magnetic Studies:  

Figure 3 shows the ferromagnetic behavior of prepared sample. The magnetic characteristics of the prepared sample (1-x)  
29

(Bi Na TiO ) -(BaTiO ) + (x) SrYFe O (x=0.00, 0.50 and 1) composites were measured at room temperature in the  0.5 0.5 3 0.94 3 0.06 11 19 
16

range of approximately 20kOe using VSM Magnetic hysteresis loops.  

( )  푴풓  and coercivity  (푴 )  , remanent magnetization  (푯 ) ,푴 /푴  of  풓 풄 푺  Table 2. Provides the values of magnetic saturation  

x=0.50 and x=1.00  

푺

( )  푴 퐢퐧 퐞퐦퐮/퐠퐦  풓 푴 /푴푺 풓  Composition x  in emu/gm  in Oe  (푴 )  푺 (푯 )  풄

0.50  

1.00  

26.092  5.30  63  0.237  

53.29  25.469  1393  0.4774  

( ) and coercivity  Table 2. Provides the values of magnetic saturation  , remanent magnetization  (푀 )  푆 푀푟  (퐻 )  푐

) , were 26.092,  푀 , (퐻 ) ,푀 /푀푟 푐 푆 푟  (of all the specimens. For x=0.50 reveals that the values of the  7 and  (푀 )  푆

( ),6.12 emu/g , 52 Oe and 0.237 respectively, while the values of the  

x=1.0 were 53.29 ,25.46 emu/g , 1391Oe and 0.477  

and  and  for  ,푀 /푀푆 푟  (푀 )  푆 푀 (퐻 )  푟 푐

Figure 3. It was observed that the magnetic saturation (M_S) of the prepared mixture increased as the  10

ferrite content increased. The increase in the magnetic saturation value (M_S) is due to the decrease  1

in the volume of the ferroelectric phase. Since the magnetization in the composite is mainly due to  26

the magnetic phase, it acts as a ferritic phase and the ferroelectric phase acts as a non-magnetic phase  

[30].  



Values of characteristic parameters:  

saturation (M_S), residual magnetization (M_r), coercivity (H_c) and M_S / M_r squared factors are  

reported in the table and found that the trend increases with adding the SRYFO Phase in BNBT  7

which increases all magnetic sample parameters with an increase in the ferrite content in the  

ferroelectric expansion phase, the ferrite being central to the magnetization [31]. The magnetization  

saturation for yttrium-doped strontium hexaferrite is 53.29 emu/g compared with the commonly  

reported value of 49.6 emu/g [32]. The value of magnetization variation at saturation may be due to  

another synthesis process.  

As the BNT-BT of the previously reported data is a fully ferroelectric relaxer [33], this composite  

exhibits ferroelectric behavior due to its paired electrons. The magnetic saturation value for the  

prepared sample depends on the particle size caused by the increase in the particle size. The  

〖Fe〗^(3+) spin interaction in the nucleus increases more than the surface volume, increasing the  

magnetization [38]. When the ferrite saturates in a strong magnetic field, the magnetization vector  12

rotates in the direction closest to the preferred field and produces strong anisotropy as the field  

decreases to zero, and the increase in residual magnetization values shows that most of the magnetic  

vectors Magnetic quenching - direction is favorable, creating a small angle with the direction of the  

applied stress field [34] resulting in large magnetization. Shape and stress anisotropy play an  9

important role in the electromagnetic output of composites.  

Almessiere et al. claims that a sample with a high saturation value can have a more excellent Bohr  

magnetic value. If the squared ratio is less than 0.50 then the particles are in the multiword domain  

and if equal to or greater than 0.50 the particles are in the monomagnetic domain. The square ratio of  

the prepared samples (SQR) M_S/M_r was found to be less than 0.5, exhibiting a multi-domain  

structure, the increase in parameters was due to the individual ferrite particles located at the center of  

the The total magnetization and their vectors are expected to produce saturation magnetization [35-  

36-37]. Incorporation of the non-magnetic BNBT phase into the magnetostrictive phase increases the  

dilution effect because these non-magnetic ions create voids between the magnetic ions and break the  

magnetic circuit and thus the values of the magnetic parameters are distorted. decrease (38-39) . The  

different B-site valence states of the BNBT lattice produced by the addition of SRYFO require  

charge compensation which can be achieved by converting the 〖Fe〗^(3+) ion to a 〖Fe〗^( 4+) or by  

creating an oxygen vacancy.  

2.4: Microstructure analysis (FESEM ):  



Figure. 05 (a) FESEM image and Grain size distribution after statics approximation of sample X=0.00 Figure. 05 (b) FESEM  
image and Grain size distribution after statics approximation of sample X=0.25 Figure. 05 (c) FESEM image and Grain size  
distribution after statics approximation of sample X=0.5 Figure. 05 (d) FESEM image and Grain size distribution after statics  
approximation of sample X=0.75  



Figure. 05 (e) FESEM image and Grain size distribution after statics approximation of sample X=1.0  

Figure 06 (a) Elemental mapping images of prepared sample X=0.00  

Figure 06 (b) Elemental mapping images of prepared sample X=0.25  



Figure 06 (c) Elemental mapping images of prepared sample X=0.50 Figure 06 (d) Elemental mapping images of prepared  
sample X=0.75 Figure 8: Bright field TEM image (c and e) and HR-TEM image (d and f) for Pure BNBT sample with x=0.00  
and x=0.50 obtained distance between the high magnification and lattice fringe found 2.84 0 and  



2.64 , 2.758 respectively which are in good agreement with the observed XRD plane(110) and (107)  0 20퐴

(114) respectively.  

Figure.9 : SEAD pattern of sample (1-x) (Bi Na TiO ) -(BaTiO ) + (x) SrYFe O X=0.00 and X=0.50  0.5 0.5 3 0.94 3 0.06 11 19 

Table 3. Atomic percentage (at%) of Bi, Na, Ba, Ti, O, Sr, Y and Fe in sintered  

(1-x) (Bi Na TiO ) -(BaTiO ) + (x) SrYFe O0.5 0.5 3 0.94 3 0.06 11 19  

Composition  Elemental composition (at%)  

X Bi  Na  Ba  Ti  O Sr  Y Fe  

0.00  

0.25  

0.50  

0.75  

5.98  

4.86  

0.95  

0.34  

12.98  

7.03  

3.60  

1.92  

1.17  

1.98  

2.05  

0.58  

16.97  

11.92  

5.67  

2.27  

61.91  

47.61  

46.01  

45.05  

- - -

3.17  

1.71  

2.22  

1.17  

1.67  

2.54  

22.26  

38.34  

45.07  

Figure 05 shows the scanning electron microscopy images with data analysis (grain size distribution obtained  34

after static approximation) of the whole prepared sample (1-x) (Bi0.5Na0.5TiO3 ) 0.94- (BaTiO3) 0.06 + (x)  

SrYFe11O19 (x = 0.00, 0.25, 0.50, 0.75 and 1.00) ceramic sintered at 〖900〗 ^ (0) C for 6 hours and incubated  

at 〖1250〗^(0)C for 6 h. The beads in the form of tetragonal and hexagonal platelets correspond to BNBT and  3

SRYFO. The magnetic phase connection is broken by the ferroelectric (non-magnetic) phase distribution in the  

composites and vice versa. On the contrary, this affects the magnetic and ferroelectric properties of the prepared  17

sample. The average particle sizes of BNBT and SRYFO are 166 nm and 240,044 nm, respectively. The average  

particle size distribution plots and elemental mapping images are shown in Figures 5(a-e) and 6(a-d). In this  37 22

study, the particle size distribution was uniform and the density was moderately high due to the preparation  

method and solid-state double sintering method as well as because the heating rate during the calcination process  

was very high compared to that of the solid-state double sintering method. with the usual heating process. ratio.  17

In addition, heat is generated inside the material and the sampler rotates continuously, thus producing uniform  3

heating. Compared with conventional and microwave sintering samples, solid-state double-sintering samples are  

homogeneously crystallized and have great advantages in terms of synthesis efficiency and energy consumption  

[39-40]. The average particle size of the prepared samples is shown in Fig. 5(a) to (e) were obtained using image  2

j software and decreased with the addition of SRYFO ferrite, i.e. 166.23 nm, 202.37 nm, 237 nm, 244.04 and  



240.043 nm for the modes product x = 0.00, 0.25, 0.50, 0.75 and 1.00 respectively. Sadhana et al. reported that  27

the average Sr 〖Fe〗 _12 O_19 grain is more than 200 nm annealed at 〖1250〗 ^ 0 C [41]. M.Rekaby et al.  

reported that Ba 〖Fe〗 _12 O_19 particle size is larger than 125 nm calcined at 〖1050〗 ^ 0 C, K [42]. To  

better understand the average particle size, the prepared samples were characterized using HR-TEM figure.  20

shows an image of a prepared sample sintered at 〖1250〗^0 C for (x = 0.0, X = 0.50). The calculated particle  

size obtained using (ImageJ-software) HR-TEM is 113-156 nm for X=0.00, 160-203 nm for X=1.00, the values  

of the grain size observed by both FESEM and HR-TEM were found to be approximately equal to the values  

calculated from the XRD. The overall trend of grain size increases with the addition of ferrite. The interplane  18

distances measured from the lattice edges in the magnified HR-TEM images for x=0.00 were 2.84 and x=0.50,  

x=1.00 were 2.62 and 2.75 respectively.  

These values are consistent with the indexed family plans of (107) and (114). The figure below shows schematic  33

diagrams of BNBT and BNBT-SRYFO composites. Indexed plans (107) and (114) confirmed the BNBT-SRYFO  

hexaferrite formation  

2.5 :Elemental composition Analysis :  

To determine the elemental composition of nanocomposite (1-x) (Bi0.5Na0,5TiO3) 0.94- (BaTiO3) 0.06 +  

(x) SrYFe11O19, standard EDX spectra were recorded as shown in Figure 4. The EDX product of X = 0.00  

nanoparticles represents the atomic percentage of 5, 98, 12, 98, 1, 17, 16, 97 and 61.91 for Bi, Na, Ba, Ti  

and O respectively, as shown in Figure 6 (yes). EDX analysis of nanocomposites x = 0.25 confirms that  

atomic percentages of 4.86, 7.03, 1.98, 11.92, 47.61, 3.17, 1.17 and 22.26 give elements Bi, Na, Ba, Ti, O,  

Sr, Y and Fe are present in the snack. Figure 6 (b). Figure 6(c) shows the EDX result of X = 0.50  

nanocomposite with atomic percentage of 0.95, 3.60, 2.05, 5.67, 46.01, 1.71, 1.67 and 38.34 for the elements  

Bi, Na, Ba, Ti, O, Sr, Y and Fe. was present in the sample. Figure 6(d) shows EDX results 0.34, 1.92, 0.58,  

2.27, 45.05, 2.22, 2.54 and 45.07 for elements Bi, Na, Ba , Ti, O, Sr, Y and Fe were present in the sample  

and did not contain any external impurities and the elemental analysis maps of the prepared samples  25

confirmed the uniform distribution of the elements in the sample structure.  

2.3 VSM: Magnetic Studies:  



Figure 3 shows the ferromagnetic behavior of prepared sample. The magnetic characteristics of the prepared sample  

(ퟏ ― 풙)(푩풊 푵풂 )푻풊풐 ) ― 푩풂푻풊풐 ) ― 푺풓풀 푭풆 푶ퟎ..ퟓ ퟎ.ퟓ ퟑ ퟎ.ퟗퟒ ퟑ ퟎ.ퟎퟔ ퟏ ퟏퟐ ퟏퟗ  (x=0.00, 0.50 and 1) composites were measured at room  
19

temperature in the range of approximately 20kOe using VSM Magnetic hysteresis loops.  

( )  푴풓  and coercivity  (푴 )  , remanent magnetization  (푯 ) ,푴 /푴  of  풓 풄 푺  Table 2. Provides the values of magnetic saturation  

x=0.50 and x=1.00  

푺

( )  푴 퐢퐧 퐞퐦퐮/퐠퐦  풓 푴 /푴푺 풓  Composition x  in emu/gm  in Oe  (푴 )  푺 (푯 )  풄

0.50  

1.00  

26.092  5.30  63  0.237  

53.29  25.469  1393  0.4774  

( ) and coercivity  Table 2. Provides the values of magnetic saturation  , remanent magnetization  (푀 )  푆 푀푟  (퐻 )  푐

) , were 26.092,  푀 , (퐻 ) ,푀 /푀푟 푐 푆 푟  (of all the specimens. For x=0.50 reveals that the values of the  2 and  (푀 )  푆

( ),6.12 emu/g , 52 Oe and 0.237 respectively, while the values of the  

x=1.0 were 53.29 ,25.46 emu/g , 1391Oe and 0.477  

and  and  for  ,푀 /푀푆 푟  (푀 )  푆 푀 (퐻 )  푟 푐

The figure 3. It was observed that magnetic saturation  19 of the prepared composite increases with  18(푀 )  푆

increase of ferrite content. The increase in the value of the magnetic saturation  is due to the fact that  25(푀 )  푆

the volume of the ferroelectric phase decreases. As magnetization in the composite is mostly contributed by  6

magnetic phase act as ferrite phase and ferroelectric phase acts as a non -magnetic phase [30].  

( )  , coercivity  푀푟  Values of characteristic parameters: saturation  , remanent magnetization  (푀 )  푆 and  푀푆  (퐻 )  푐

squareness factors are reported in table and found that an increasing trend on adding SRYFO phase in  /푀푟  

BNBT all the magnetic samples are increased parameters with increase of ferrite content in the ferroelectric  

relaxor phase ferrite being the center of magnetization [31]. The magnetization saturation for pure yttrium  



doped Strontium hexaferrite found 53.29 emu/g than usually reported value 49.6 emu/g [32]. The variation  

value of saturation magnetization may due to different synthesis process.  

As previous reported data’s BNT-BT is a purely ferroelectric relaxor [33], this composite shows  

ferroelectric behavior due to its paired electrons, The Magnetic saturation value for the prepared sample  

relies particle size caused by the increasing the particle size. Increase in the spin interaction in core  3+ 퐹푒  

than in the surface volume raises the magnetization [38]. When the ferrite is saturated in a strong magnetic  

field, the magnetization vector rotates in the direction nearest preferred field and creates a high anisotropy  

when the field drops to zero and increasing residual magnetization values indicates that most of the  

magnetizing vectors turned out of the magnetically -profitable direction, making a small angle to the  

direction of the applied field which experiences stress [34] resulting in large magnetization. Shape and stress  

anisotropy has prominent role in the Magneto electric output of the composites.  

Almessiere et al. stated that the sample with a high saturation value is probable to have a more excellent  

value of Bohr magneton. If the squareness ratio is less than 0.50, then the particles are in multi magnetic  14

domain and if it is equal or higher than 0.50 then the particles are in a single domain. The prepared samples  

(SQR)  squareness ratio found lesser than the 0.5, which exhibits a multi domain structure, increase  푀 /푀푆 푟  

in the parameters are due to individual ferrite grains being center of magnetization and it is expected that  

their vector sum devotes the saturation magnetization [35-36-37]. Incorporation of non-magnetic phase  

BNBT in piezomagnetic phase increase the dilution effect as these non-magnetic ions creates pores among  

the magnetic ions and breaks the magnetic circuit and hence reduced values of magnetic parameters (38-39).  

The different valence states of B-site of BNBT Lattice created by addition of SRYFO require a charge  

퐹푒 푖표푛 푖푛푡표 퐹푒 푖표푛푠  3+ 4+ compensation that can be attained by converting  

of oxygen.  

or by generating vacant position  

Conclusion:  
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Chapter-I 2 1.1 PIEZOMAGNETIC MATERIALS ‘Ferrites are also named as Piezomagnetic materials.’ Piezomagnetism is a

phenomenon simply characterized by magnetic polarization and mechanical strain coupling in the system. In such

materials, application of physical stress induces the spontaneous magnetic moment. Due to various applications, ferrite

(piezomagnetic) materials broadly practiced in a diverse range [1-5]. Ferrites are the novel magnetic materials that exhibit

both electrical and magnetic properties and hence are commercially and scientifically important magnetic materials.

Ferrites strongly behave like ferromagnetic materials as proposed by L. Neel [6]. The concise introduction of ferrite and

subsequently types of magnetic materials are addressed in this chapter. The chemical composition of ferrites like spinel

type, garnet type, and hexagonal type are exercised here. The deviation in properties of ferrite materials arises due to

several parts such as synthesis method, sintering temperature, composition of elements, concentration of iron oxide (Fe 2

O 3 ), divalent metal ions like metal oxide (MO) of cobalt, nickel, copper, manganese, zinc etc., amount of trivalent

dopants like chromium, aluminum, R-E ions etc. and impurity arises at the time of synthesis [7]. When Ferrite material is

immersed in an alternating field, eddy currents are generated in it, which dissipate energy. This waste can be lessened by

lamination of ferromagnetic core to restrict the eddy current paths, since eddy current loss in magnetic material is

inversely proportional to resistivity and hence magnetic material used of high resistivity [8]. Similarly ferrite shows different

electric and magnetic properties i.e. extended amount of saturation magnetization (Ms), high value of permeability(µ), low

coercivity, low dielectric losses, high electric resistivity and high magnetoelectric (ME) effect [9]. The electrical and

magnetic properties make ferrites are useful in antenna rod, transformer core, memory chips, telecommunication,

automobile,

Chapter-I 3 magnetic field sensors, transducers, electro-optic devices, magnetically tuned capacitors etc [10-12]. 1.1.1

Types of piezomagnetic materials According to the magnetic behaviour such as coercivity and remnant magnetization

ferrites (Piezomagnetic) materials are generally categorized in two main types such as; i) Soft ferrites, and ii) Hard ferrites i)

Soft ferrites Soft ferrite is low coercive magnetic material. When it is immersed in external magnetic field it easily

magnetizes and on the removal of magnetic field it loses its magnetism. The general formula of soft ferrite is MFe 2 O 4

where M stands for iron, nickel, manganese, and zinc. Soft ferrite material is used in magnetic recording media, inductor,

and transformer core, vibrator due to low coercivity, low frequency and remanance. ii) Hard ferrites Magnetic hardness of

ferrite is due to fine particles having shape and crystalline anisotropy. The large anisotropy is characteristics of hard ferrite.

So, hard ferrite material consists of high coercivity and remanance magnetization. Fig. 1 shows the basic difference of its

properties such as coercivity etc of soft and hard ferromagnetic material. The coercivity of these materials is more than

3000 Oe, which is very high compare to other magnetic material. When hard ferrite is immersed in external magnetic field

it easily magnetizes and if the external field is removed it then domains will remain in the same direction. Hence resultant

magnetic moment remains to its maximum value it will not lose magnetic property. So this material is used to make

permanent magnet. It is used in
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Chapter-I 4 different field refrigerators, loudspeakers and small electrical motors. Nickel ferrite (NiFe 2 O 4 ), barium ferrite

(BaFe 12 O 19 ), cobalt ferrite CoFe 2 O 4 are some commonly used hard ferrites. Fig. 1.1: Basic difference of soft and hard

ferrites. 1.1.2 Classification of magnetic materials On the basis of mutual interactions or behavior of various materials in an

external magnetic field, the materials are divided in five categories. i) Diamagnetic materials The orbital motion of

electrons and mutual interaction between the implemented magnetic field models diamagnetism and termed as the

intrinsic property of the material. Mostly it considered as the no-magnetic substance as studied. An opposing force

resulting due to the applied magnetic field creates an induced magnetic field in them in the reverse direction that is to say

that magnetic influence opposes the diamagnetic materials. Its magnetic susceptibility (χ) is small and negative.

Chapter-I 5 Fig. 1.2: Behaviour of diamagnetic material in external magnetic field ii) Paramagnetic materials Fig. 1.3:

Behaviour of paramagnetic material in external magnetic field Materials like those have incomplete inner orbits. The

electron spins continue uncoupled, thus on employing a magnetic field the magnetic moment produced because of the

spin motion set and pointing towards the magnetic field and induces magnetic moment in its direction due to which the

material becomes awkwardly magnetized. These materials have an odd number of electrons. Its magnetic susceptibility

(χ) is positive and least. For paramagnetic material, susceptibility diminishes with ascending in temperature.

Chapter-I 6 Susceptibility varies inversely with temperature 1 T ? ? χα ? ? ? ? ; C T ? ? χ = ? ? ? ? (1.1) Where C- material

constant called the Curie constant, T –Absolute temperature (K) iii) Ferromagnetic materials In certain materials, the

permanent atomic magnetic moments have a strong ability to adjust themselves even with no outside field. These

materials denominated ferromagnetic materials. In each unmagnified ferromagnetic material, the atoms set regions inside

the substance. Different domains, however, have several directions of magnetic moment and therefore the materials

settle unmagnified. Besides implementing an outer magnetic field, these domains revolve and follow in the control of the

magnetic field. Each ferromagnetic material has its temperature, termed the Curie temperature, or Curie point, above

which it loses its ferromagnetic properties. Its magnetic susceptibility (χ) is positive and high. Fig. 1.4: Behaviour of

ferromagnetic material in external magnetic field

Chapter-I 7 Table 1.1: Classification of magnetic materials on the basis of susceptibility Sr. No. Material Magnetic

Susceptibility (χχχχ) Temperature dependence 1 Diamagnetic material Negative and small Au= -2.74×10 -6 Cu= -0.77×10

-6 Temperature independent 2 Paramagnetic material Positive and small Sn~0.16×10 -6 Pt~21.04×10 -6 Temperature

independent Follows curie or curie- Weiss law 3 Ferromagnetic material Positive and large fe~100,000 Above curie

temperature it converts into paramagnetic 4 Ferrimagnetic Materials Positive and large Ba ferrite ~ 3 Above curie

temperature it converts into paramagnetic 5 Antiferromagnetic Materials Positive and small Cr ~3.6×10 -6 Above Nèel

temperature it converts into paramagnetic iv) Ferrimagnetic Materials Fig. 1.5: Behaviour of ferrimagnetic material in

external magnetic field The macroscopic magnetic characteristics of ferromagnets and ferrimagnets are similar; the

distinction lies in the source of the net magnetic moments. A ferrimagnetic material is one that has populations of atoms

with opposing magnetic moments, as in antiferromagnetism; however, in ferrimagnetic materials, the opposing moments

are unequal and a spontaneous magnetization remains as shown in figure below.

Chapter-I 8 Ferromagnetic, ferrimagnetic, or antiferromagnetic materials possess permanent magnetization even without

external magnetic field and do not have well defined zero- field susceptibility. Ferrites (widely used in household products

such as refrigerator magnets) are usually ferrimagnetic ceramic compounds derived from iron oxides. Magnetite (Fe 3 O 4

) is a famous example. v) Antiferromagnetic Materials Fig. 1.6: Antiferromagnetic material in external magnetic field. In an

antiferromagnet, unlike a ferromagnet, there is a tendency for the intrinsic magnetic moments of neighboring valence

electrons to point in opposite directions. When all atoms are arranged in a substance so that each neighbor is anti-

parallel, the substance is antiferromagnetic. Antiferromagnets have a zero net magnetic moment, meaning that no field is

produced by them. Manganese oxide (MnO) is one material that displays this behavior. Generally, antiferromagnetic order

may exist at sufficiently low temperatures, but vanishes at and above the Néel temperature. Above the Néel temperature,

the material is typically paramagnetic, that is, the thermal energy becomes large enough to destroy the microscopic

magnetic ordering within the material. The Néel temperature of MnO is about

Chapter-I 9 116K. Above transition temperature anti-ferromagnetic materials become paramagnetic materials, and

magnetic susceptibility χ is given by equation C T ? ? χ = ? ? + θ ? ? (1.2) Where, C is Curie constant 1.1.3 Novel

Applications of piezomagnetic materials Ferrites
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are primarily used as inductive components in large variety of electronic  

circuits such as low noise amplifiers, filters, voltage controlled oscillators. [13]  

Ferrites are used in radar, bubble devices, memory cores of computers, mobile phones, camera lenses, satellite

communication and microwave devices. Ferrites are used as magnetic head transducer in audio-video recording. Ferrites

have versatile applications in the range of microwave to radio frequencies. Ferrites are used for production of ultrasonic

wave in magnetostriction method. Ferrites has attracted great deal of attention due to its good magnetic, electric

properties, excellent physical-chemical stability, and mechanical strong point, and it has full of promise presentations in

the fields of ferrofluids, medical care, magnetic high-density storage, gas sensors. [14] In industries, ferrite nano-particles

are used in treating polluted waste water. Ferrites are used in the fields of loudspeakers, magnetic temperature converters,

telephones, television, magnetrons, premagnetizing of soft magnetic cores pickup systems, high-frequency transformers,

fulse transformers, television flyback transformers, deflection coils, aerials, loading coils, small dynamos and motors, logic

circuits, generators and motors, couplings and retarders ,bearings, a broad field for cheap magnets, not yet mentioned, is

the toy industry. [15] Ferrites are used for production of ultrasonic wave in magnetostriction method.

Chapter-I 10 1.2 PIEZOELECTRIC MATERIALS Piezoelectric materials develop a spontaneous electric polarization in

response to the externally applied electric field. These ceramics are initially reported on date back to the 1920’s and they

followed the discovery of ferroelectricity phenomena in Seignette or Rochelle salt by Valasek [16]. Ferroelectric materials

can carry a permanent electric dipole moment. All ferroelectric materials are shows the piezoelectric and pyroelectric

behaviour, however, not all pyro- or piezoelectrics are ferroelectric. There are several materials showing the spontaneous

polarization for which there is a non-linear relation between P and E. Such types of materials also exhibit a P-E Hysteresis.

Such substances whose properties are comparable to ferromagnetics in many respects are known as Ferroelectrics.

Fig.1.7: Classification of ferroelectrics into the different classes of dielectric materials Spontaneous polarization Ps is a

function of temperature, decreases with increase in temperature and vanishes at the Curie temperature T C . The

temperature point at which phase of ferroelectric material changes is called the Curie point, T C . Most of the ferroelectric

materials experience a structural phase transition from a high-temperature non-ferroelectric or para-electric phase to the

low-temperature ferroelectric phase. For example, BaTiO 3 experience a number of phase transitions into successive

ferroelectric phases.

Chapter-I 11 1.2.1 Characteristics of piezoelectric materials The spontaneous polarization of ferroelectric materials varies

with temperature. Ferroelectrics have very high dielectric constants at relatively low applied field frequencies. Capacitors

made from these materials can be significantly smaller than capacitors made out of other dielectric materials. Curie point

(T C ) is the transition temperature at which ferroelectric materials changes their phase. For the temperature higher than

that of Curie point the crystal does not exhibit ferroelectric behaviour while as for the temperature lower than that of

Curie point it acts as ferroelectric. Ferroelectric capacitors exhibit nonlinear properties and usually have very high

dielectric constants. The polarization does not go away when the external field is removed. They exhibit distinct

dependency of permittivity on the intensity of an applied electric field. The value of dielectric constant increases with

increasing temperature of ferroelectric material. 1.2.2 Properties of piezoelectric materials i) Polarization Polarization is the

process of inducing equal and opposite charges on the two faces of the dielectric on the application of electric field.

Some dielectric material exhibits a spontaneous polarization in the absence of an applied field which can be reversed by

an externally applied field; this behavior is called the ferroelectric effect Polarization is the dipole moment per unit volume

and is given by, Q l P V × ? ? = ? ? ? ? C/m 2 (1.3) It is also given by,

Chapter-I 12 e P E = χ (1.4) where, χ e - electric susceptibility of dielectric material. The total polarization of dielectric

materials (P) is the contribution of four types of polarization namely electronic, ionic, orientation, space charge

polarization can be written as E I O S P P P P P = + + + (1.5) a) (P E ) Electronic polarization: The displacement of the

positively charged nucleus with respect to revolving electron in opposite direction on the application of external electric

field. b) (P I ) Ionic polarization: In an ionic polarization, polarization caused by relative displacement between positive and

negative ions in ionic crystal. c) (P O ) Orientation polarization: Alignment of molecules in the direction of applied field It

occurs only in polar substances like HCl, H 2 O,N 2 O molecules d) (P S ) Space Charge polarization: The ions diffuse over

appreciable distance in response to the applied field giving rise to redistribution of charges in the dielectric medium. The

free electrons are present but they have restriction for moving by barriers such as grain boundaries. ii) Piezoelectricity

Piezoelectricity is the ability of a particular material in which electric charges will be generated due to the application of

mechanical stress. In direct piezoelectric effect charge separation is due to experience of stress and in converse
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piezoelectric effect the stress and strain occurs due to application of electric field which was discovered by Pierre Curie

and Paul Jacques in beginning of 1880’s. Electric charges will be generated within the materials when such materials

experience an external stress, and conversely, generate

Chapter-I 13 the mechanical strain when subjected to external electrical field. The name ‘piezo’ is derived from the Greek

it means that ‘to press’ i.e mechanical stress. Ferroelectric material is the group of piezoelectric crystal. Fig. 1.8: Schematic

figure showing possible couplings between electrical, magnetic and mechanical solids In Elasticity, a stress causes a strain

proportional to an elastic modulus. Here Piezoelectricity is creation of an electric charge in addition to a strain, both of

which are proportional to the applied stress. iii) Phase Transition The temperature above which ferroelectric material does

not show ferroelectricity is known as Curie temperature (T C ). So, at a temperature T < T C the ferroelectric crystal does

not exhibit ferroelectricity, while for T > T C it is ferroelectric. By the decreasing of temperature below the Curie point, a

ferroelectric undergoes a phase transition from a non- ferroelectric to a ferroelectric. If there are two or more phases

observed within the single material when the temperature changes then the temperature at which the crystal changes

itself from one ferroelectric phase to another is called the transition temperature. Early research works on ferroelectric

transitions have been summarized by Nettleton et. al. [17]. The properties of materials such as dielectric, elastic, thermal

and optical show some

Chapter-I 14 irregularities near the Curie point due to structural phase transition changes . According to Curie-Weiss law,

the relative permittivity (ɛ r ) of the material falls with the temperature above the Curie point following the relation; r 0 0 C

T T ? ? ε = ε + ? ? - ? ? (1.6) where, C is Curie Constant, T 0 -be the Curie- Weiss temperature, ɛ o -is the dielectric

permittivity in vacuum for BaTiO 3 single crystal, the phase transitions and the crystal structures can be predicted with the

crystalline anisotropy constants and strain constants that depend on the temperature. [18]. 1.2.3 Applications of

piezoelectric Materials The applications for ferroelectric ceramics cover all areas of our workplaces, homes, and

automobiles. Ferroelectric hysteresis is used in non-volatile computer information storage, thin film capacitor, using

ferroelectric material the large capacitance value are achieved in small volume capacitor devices due high dielectric

constant e.g. BaTiO 3 .. Ferroelectrics can exhibit very high relative permitivities which means that they are widely used in

capacitors. The direct piezoelectric effect is used in sensors namely as Pick-ups, Pressure sensor, force sensor, strain

gauge, microphones, hydrophones, etc. The converse P-E effect is used in actuators like Loudspeaker, Piezoelectric

motors, acousto-optic modulators, Valves, ultrasonic generators, resonators, filters, etc. The pyroelectric effect is widely

used in un-cooled infrared detectors. The electro-optic effect is used in optical waveguides, optical memories and

displays, laser Q-switches, optical shutters and integrated optical devices.

Chapter-I 15 1.3 INTRODUCTION TO M-E COMPOSITES The composite materials of the ferroelectric and the

ferromagnetic phases have the ability to show the product and sum properties. In such composite materials, electro-

magnetic coupling occurs and accounts for an excellent magneto-electric effect [19-21]. In the composites,

84% MATCHING BLOCK 3/88 https://www.researchgate.net/publication/ ...

the magnetoelectric effect is typically generated through a mechanical  

strain arising under an applied magnetic or electric field at interfaces between the two  

constituents.  

ME effect =(mechanical / magnetic) ferrite × (electrical / mechanical) ferroelectric This effect gives the results from the

interaction between different properties of the two phases in the composites. The ferroelectric– ferromagnetic

composites, as two-phase multiferroic materials, are desired not only for the fundamental research of magneto- electric

effect, but also for the potential applications in many electronic devices, such as electromagnetic interference filters and

the integration of chip inductors and capacitors [22-24]. Composite material can be well-defined as an amalgamation of

two or more than two materials different in composition on a very small scale. These materials are the composition of

two different phases and hence shortened to composites. These materials fabricated from two or more constituents or

phases possessing different physical and chemical properties, that when amalgamated, make a material with appearances

different from the individual components. In composites, porosity percentage % is increases as ferroelectric content

increases. As increasing volume ratio of ferroelectric content relative to ferromagnetic content, net magnetization can be

decreased whereas maximum polarization increases also coercivity increases.

Chapter-I 16 Fig.1.9: Magnetoelectric effect 1.3.1 Merits of M-E composites A long range of applications of different types

of M-E composites are as follows i) Nanotechnology: The Composite materials have important applications in the field of

Nanotechnology. M-E nano-composites are greatly used in automotive, electronic parts and in industrial equipments etc.
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ii) Aerospace: Spacecraft applications are the maximum substantial uses of composites. Commercial aircrafts experiences

greater stress on safety and weight. A modern civil aircraft designed with application the glass and carbon reinforced

hybrid composites for the factor of power and safety. iii) Wind Power Generation: Wind power generation is ecologically

the safest way to generate energy. So hybrid fibres (carbon, glass) are largely used for fabrication of simple power element

blades. iv) Telecommunication: Hybrid cable made up of composites is the advanced product class used in the

requirement of powerful transmission of data in telecommunication industries. Hybrid Composite Cable, aerial are

requirements of a period, primarily to support for Power transmission for always ON (Interrupt free) telecom needs.

Chapter-I 17 v) Electrical: The composites have important properties like high quality electric insulation, spark-free and

good antimagnetic agents, good adhesion toward glue & paint due to which it is used for the construction of distribution

pillars, link boxes and profiles for the separation of current-carrying phases to prevent short circuits etc. vi) Orthopaedic

Aids: People who were born with physically challenged. Artificial substitutes are used in the human body to utility such as

original parts. Composite materials have been known as the innovative class of synthetic bio-materials. Composite

material are light- weight, comfortable to work with and more durable such as lighter prosthesis needs less energy

consumption for the period of running, walking and other activities, weight is very important in an artificial leg. vii) Nuclear

Industry: Composite materials are used widely in nuclear industries due to its nuclear fuels. The ceramic fuels used in fast

reactors have been sensibly successful in stainless steel matrix as used in plutonium uranium dioxide solid solution in steel

cermets. 1.3.2 Demerits of M-E composites Some disadvantages of composites are given below; Challenge to fabricate

low cost composites [25]. More complex mechanical characterization as compare with metal structure. Complicated

reuse process as compared to that of metals. Composites materials do not have the quality of high combination of

strength and fracture toughness compared to metals. It is not compulsory that composites give greater performance in all

the properties used for material in corrosion resistance, join ability, strength, and toughness. Transverse properties may be

weak.

Chapter-I 18 1.4 LITERATURE SURVEY The origin of the magnetoelectric (ME) effect in ME composites is the coupling

between ferromagnetic (magnetostrictive) and ferroelectric (piezoelectric) phases [26-28]. Ferrite material will be

prepared by sol-gel method & ferroelectric phase will be obtained by sol-gel method. Finally, the composite materials will

be synthesized by using solid state reaction method Hence the possibility of impurity phases being present and affecting

the signal [29]. The two phases ferromagnetic (magnetostrictive) and ferroelectric (piezoelectric) must be in equilibrium to

obtain higher output of ME conversion [30] Composites have been synthesized by various synthesis techniques 1.4.1

Cobalt-chromium ferrite (CCFO) Cobalt ferrite CoFe 2 O 4 (CFO) has a cubic spinel-type crystal structure, in which the O

2- ions form a FCC like lattice, and the Co 2+ and Fe 3+ captions reside in interstitial sites, of which there are two types:

tetrahedral A sites and octahedral B sites. There are 8 tetrahedral sites and 16 octahedral sites in the unit cell [31]. It

possesses interesting physical properties such as high sensitivity of magnetization to applied stress, excellent chemical

stability, and a large magneto-optic effect. Recently cobalt ferrite based composites have received attention because of

their high magnetostriction, high sensitivity of magnetic induction to applied stress, chemical stability and low cost [32-

35]. S. Mohan et al. 2019 [36]: High purity Fe 2 O 3 , CoCO 3 , BaCO 3 and TiO 2 were used as starting materials in

synthesis of CoFe 2 O 4 (CFO) and BaTiO 3 (BTO) by the conventional solid-state method. For preparation of CFO, a

stoichiometric mixture of Fe 2 O 3 and CoCO 3 was initially calcined at 1000 0 C for 24 h with an instant grinding. The

resulting powder was further calcined at 1100 0 C for 72 h with three instant grindings. For preparation of BTO, the mixed

powder of BaCO 3 and TiO 2 was initially calcined at 1000 0 C for 6 h, then

Chapter-I 19 at 1200 0 C for 6 h, and finally at 1300 0 C for 6 h, with intermediate grindings. Composites of CFO and BTO

were prepared by mixing the corresponding component powders taken in different weight percentages according to

formula (100-x) CoFe 2 O 4 -(x)BaTiO 3 (x=0, 10, 20, 80, 90 and 100 percentage of weight). Magnetization, as well as

Curie temperature of the ferrite phase, is found to be decreased with increasing sintering temperature for a particular

composite and with increasing ferroelectric BTO content for composites sintered at a particular temperature. L. Kumar et.

al.[37]: Initially Nano crystalline CoFe 2-x Cr x O 4 samples with 0.0 ≤ x ≤ 0.4 were prepared by the standard citrate

precursor method. The coercivity and Neel’s temperature decrease with the addition of chromium (Cr) concentration in

cobalt ferrite. The increase in temperature increases the magneto crystalline anisotropy of the samples. Average crystallite

size reduces with the addition of Cr 3+ ions in CFO lattice. R. K. Panda et. al. [38]: When Cr substituted in CFO results in

reduction in particle size and surface anisotropy which is responsible for decrease in coercivity but material resistivity

increases AC conductivity analysis disclosed that the overlapping large polaron tunnelling (OLPT) mechanism takes place

in Cr substituted cobalt ferrite nanoparticles. Till Walther et. al. [39]: T. Walther and co-workers have studied

magnetoelectric properties of CFO-BTO composites. Sometimes, chemicals were used as purchased without further

purification so they have synthesized five samples of (CoFe 2 O 4 )(x)– (BaTiO 3 )(1-x) composites were with (x)CFO = 0.1,



8/84

0.2, 0.3, 0.4 and 0.5 with moderate purity. A modified polyol mediated process was used to prepare the precursor

powders for the composites. A. Aubert et. al. [40]: In the year 2018, a group of A. Aubert published their work on the role

of cobalt ferrite in M-E composites. They have prepared two different kinds of polycrystalline cobalt ferrites, one

exhibiting isotropic properties and the other presenting

Chapter-I 20 a uniaxial anisotropy. The starting materials in synthesis of cobalt ferrite are nano sized (>50 nm) oxides Fe 2

O 3 and Co 3 O 4 (Sigma-Aldrich) in a molar ratio of 3∶1. Powders were mixed in a planetary ball mill for 30 min at 400

rpm and then grounded for 1 h at 600 rpm. For the first type, the synthesis of the spinel phase of CFO is achieved by the

usual calcination at 900 0 C for 12 h. After grinding the cobalt ferrite powder at 550 rpm for 1 h was sintered using spark

plasma sintering (SPS). Here composite material was prepared by the isotropic cobalt ferrite as CFOI, and the anisotropic

one as CFOA. Another method to manufacture magnetoelectric composites, cobalt ferrite disks are bonded on 1-mm-

thick and 10-mmdiameter commercial lead zirconate titanate (PZT) disks (Ferroperm PZ27) using silver epoxy. The

piezoelectric samples are polarized along the thickness direction. The magnetoelectric bilayers becomes disks with a

thickness of 3 mm and a diameter of 10 mm. Measurements are also performed on a tri-layer CFO/PZT/CFO with layer

thicknesses of 0.4 mm=0.75 mm=0.4 mm, and with a diameter of 10 mm. Y. Liu et. al. [41]: The magnetic hysteresis loops

of two samples showed that anisotropic sample CFOI exhibits a higher coercive field (Hc =51 kA/m) than the isotropic one

CFOA (Hc =18 kA/m). The isotropic sample appears to be more sensitive to the field and exhibits a higher susceptibility

than the anisotropic one tri-layer composite is known to enhance the mechanical coupling factor and reduce the

demagnetizing effect, which contributes to enhancing the magnetoelectric effect. It could also be enhanced by co-

sintering both magnetic and piezoelectric phases instead of bonding them, hence increasing the mechanical coupling.

The co-sintering was recently achieved in bulk CFO=BaTiO 3 composites. T. Ramesh et. al. [42]: Cobalt Ferrite (CoFe 2 O

4 ) powders were synthesized using cobalt nitrate [Co(NO 3 ) 2 .6H 2 O] (98% Sigma-Aldrich) and ferric nitrate [Fe(NO 3 ) 3

9H 2 O] (98% Sigma-Aldrich) as starting chemicals. For barium titanate (BaTiO 3 ) powder, barium

Chapter-I 21 chloride (BaCl 2 ·2H 2 O) (99% Alfa Aesar) and titanium (IV) chloride (TiCl 4 ) (99.0% Alfa Aesar) solutions were

taken as starting materials. pure, single-phase CoFe 2 O 4 and BaTiO 3 nanoparticles are successfully synthesized by

microwave hydrothermal method.

87% MATCHING BLOCK 4/88 https://www.researchgate.net/publication/ ...

Composites of (1 - x)CoFe 2 O 4 + (x)BaTiO 3 (where x = 0, 0.25, 0.50, 0.1) were prepared  

by

mixing the microwave hydrothermal synthesized CoFe 2 O 4 (CFO) and BaTiO 3 (BTO) powders in a ball mill [Retsch Co]

for 3 h. it is found that with increasing ferroelectric content BaTiO 3 content, the dielectric constant of the composite

samples increases and resonance frequency decreases Magnetoelectric coefficient (dE/dH) of composite materials

increases with increasing ferroelectric phase BaTiO 3 and is due to the reduction in higher conductivity magnetic phase as

compared to ferroelectric phase causes. M. Raghasudha et. al. [43]: Nanoferrites CoFe 2 O 4 and CoCr 0.9 Fe 1.1 O 4 were

prepared through citrate-gel auto-combustion technique using Co(

87% MATCHING BLOCK 6/88 0201276d-de23-493f-a933-df7286b7da30

NO 3 ) 2 6H 2 O, Fe (NO 3 ) 2 9H 2 O,  

Cr(NO 3 ) 2 9H 2 O, C 6 H 8 O 7 .H 2 O

and NH 3 as starting materials of high purity The values of saturation magnetization(Ms) of the samples at 310K are

43emu/g (for CoFe 2 O 4 ) and 12emu/g(for CoCr 0.9 Fe 1.1 O 4 ). It was also found that substitution of 0.9 mol of Cr 3+

in Cobalt ferrite has decreased the coercivity from 1760 to 338 Oe at room temperature, making the material magnetically

very soft favoring its application in high frequency transformers. 1.4.2 Manganese-Zinc ferrite (MZFO) Manganese-Zinc

ferrite is soft ferrite used in many applications. It is primarily used for frequencies less than 2 MHz. This composition of Mn

and Zn gives optimum performance for saturation flux density (B s ), low losses (Q) and high initial permeability (µ s ). It

identifies the temperature lines for 100 and 250°C. Mg-Zn ferrites are used in

Chapter-I 22 various applications like power transformers, microwave devices, and telecommunications due to their high

permeability and electrical resistivity [44]. Rongli Gao et. al. [45]: The comparative study of properties like structural,

dielectric, ferroelectric, magnetic properties as well as coupling effect for (1-x) Mn 0.5 Zn 0.5 Fe 2 O 4 - xBa 0.85 Sr 0.15 Ti
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0.9 Hf 0.1 O 3 ((1-x)MZFO- (x)BSTHO) (x = 0.2, 0.35, 0.5, 0.65, 0.8) composite ceramics prepared by combining co-

precipitation process with sol-gel method. The composite particles in the stoichiometric ratio were ball milled again for 8

h, mixed thoroughly with a PVA binder solution and then pressed at 12 MPa for 10 min into disk samples with the size of

10 mm diameter and 1mm thickness. The disk samples were finally sintered at 1150 ºC for 4 h in a chamber furnace in air

to form the required composite ceramics. Using XRD patterns of the prepared composite ceramics main diffraction peaks

of magnetic/ferroelectric phase can be observed magnetoelectric coupling coefficient (1420 mV/cm Oe) are obtained for

the specimen x =0.65 due to its stronger interface interaction between ferroelectric and ferromagnetic phases.. The

MZFO/BSTHO composites exhibit multiferroic properties at room temperature which is confirmed by the observations of

ferroelectric and magnetic hysteresis loops. MZFO has been chosen as the magnetic phase for this particulate composite

because it has high permeability, high saturation magnetization, low coercivity, high resistivity and low high frequency

loss, high (time, temperature) stability, high permeability frequency characteristics [46]. K. Praveena et. al. [47]: Fabrication

of composites is obtained by taking NBT and MFO powders in different mole percent ratios and ground thoroughly for 3 h

and sintered at 900 ºC for 4 h. The structural characteristics of the composites were carried out by X-ray diffraction (XRD)

using Phillips PAN analytical X’pert powder diffractometer with Cu-K α radiation (λ= 1.5406 Å) Morphological

characteristics were studied by field emission

Chapter-I 23 scanning electron microscope (FSEM). The ME output of the samples was obtained by static method. It is

known that the distribution of the ferrite and the ferroelectric phases in composites plays a most essential role not only in

the combination properties (magnetization, dielectric constant, resistivity, etc.) but also in the product properties such as

the ME output. The saturated magnetization values of the composites increased almost linearly with increasing ferrite

concentration. These composites exhibited ME effect at room temperature, which is strongly dependent on ferrite

content in the composite. Kiran et al 2020 [48]:

77% MATCHING BLOCK 5/88 https://www.researchgate.net/publication/ ...

lead-free magnetoelectric composites (x)K 0.5 Na 0.5 NbO 3 – 

(x)MnFe 2 O 4 (x = 0, 0.2, 0.4, 0.6, 0.8, and 1) synthesized by solid-state reaction

route have been studied for their structural, dielectric, and magnetoelectric properties. The micro- structural analysis

(XRD, FESEM, EDX, FTIR, and RAMAN spectroscopy) indicates the coexistence of diphase in the composites. Compared to

the individual phases, composites exhibit better electrical properties such as low leakage current, high resistivity, high

dielectric constant, and low dielectric loss. I–V characteristics reveal that the conduction behavior of the composites is

ohmic in nature in whole tested electric field range at room temperature. The maximum value of dielectric constant is

noticed for composite with 20 wt% of MnFe 2 O 4 among the composites. The magnetic measurements indicate that the

magnetic behaviour of the composites lies on the mass content of MnFe 2 O 4 phase. The magnetization increases with

MnFe 2 O 4 weight percentage which provides information regarding the magnetoelectric effect (ME) coupling between

the magnetostrictive ferromagnetic and ferroelectric phases. Furthermore, ME effect is evaluated as a function of applied

magnetic field. The highest ME response of 2.02 mV/cm-Oe is observed for composite with 80 wt% content of MnFe 2 O

4 . These composites are worthy material for environment-friendly ME device applications.

Chapter-I 24 Phuong-Linh Nguyen et. al. [49]:

93% MATCHING BLOCK 7/88 https://www.researchgate.net/publication/ ...

The successful realization of multifunctional systems  

consisting of ferrimagnetic Mn 0.7 Fe 2.3 O 4 spinel platelets, of controlled sizes and  

nanometric thicknesses, embedded in an epitaxial ferroelectric BaTiO 3 perovskite thin  

film. The embedded platelets experience a much higher iso-static strain than that obtained  

for single layers.

There was
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successfully achieved nanometer-thick composite layers, with  

identical composition, having either in-plane or out-of-plane electric polarization  

orientations. The optimal samples combine several functionalities: (i) the magnetoelectric  

nature of the full oxide artificial structures is confirmed, (ii) semiconducting diode  

behaviors are obtained when contacted with a metal electrode, and (iii) marked (eightfold)  

electro-resistance transport properties with respect to the electric polarization orientation  

are revealed. The embedded platelets configuration enhances significantly interface and  

two-dimensional effects and is thus believed of high interest to realize functional device  

structures.  

S. Satapathy et. al. [50]: MgFe 2 O 4 (MFO) and (Ba 0.85 Ca 0.15 ) (Zr 0.1 Ti 0.9 )O 3 (BCZT) was prepared by solid state

route and are found to be ferromagnetic and ferroelectric at room temperature respectively. MFO/BCZT composite

(50:50 M concentration of MFO and BCZT) was also prepared by solid state route. Scanning electron micrograph

confirms the distribution of small grains of MFO around large grain of BCZT for proper surface interaction. MFO/BCZT

composite exhibits saturated magnetization of 12 emu/gm, which reduce to 10 emu/gm on electrical poling at 2.5 kV/cm

indicating magneto-electric coupling between MFO and BCZT through interface interaction. The transverse

magnetoelectric coupling coefficient (aV 31) for this composite is found to be 7.97 mVcm 1 Oe 1 at 10 kHz. MFO/BCZT

ceramic composite exhibit multiferroic and magnetoelectric coupling properties for 50:50 M concentration at room

temperature may be suitable for device applications.

Chapter-I 25 1.4.3 Barium Titanate (BaTiO 3 ) Barium Titanate (BaTiO 3 ) is the first polycrystalline ceramic material which

exhibits high ferroelectricity and resistivity of the order of 10 9 Ωcm. BTO has extremely high relative permittivity.

Ferroelectrics are polar materials that possess at least two equilibrium orientations of spontaneous polarization in the

absence of an electric field. Under the application of an electric field, the direction of the polarization vector can be

reoriented. Hence, ferroelectric materials are both piezoelectric and pyroelectric and exhibit nonlinear phenomena

associated with polarization reversal. Barium titanate- based materials are the preferred choice for capacitor applications

Kuldeep Chand Verma et. al. [51]:

100% MATCHING BLOCK 11/88 https://www.researchgate.net/publication/ ...

The MFO/BTO thin films were prepared by metallo- 

organic decomposition method. The MFO/BTO nanocomposite stoichiometric ratio has  

been analyzed with X-ray fluorescence elemental analysis. X-ray diffraction reveals the  

formation of both spinel MFO and perovskite BTO phases with crystallite size lies in the  

range of 25-137 nm. The lattice strain observed in MFO/BTO nanocomposite is due to  

tetragonal distortion of BTO unit cell and lattice mismatch with ferrite MFe 2 O 4 . The  

crystallite size is also depicted with atomic force microscopy. The observed  

ferromagnetism of MFO/BTO nanocomposite is highly influenced by inversion degree of  

MFO ferrite and oxygen vacancies formation. All MFO/BTO nanocomposites have well  

saturated ferroelectric hysteresis polarization. This has been discussed based on lattice  

strain, leakage current and the degree of lattice mismatch. The chemical valence states of  

Fe and O and their influence on the magnetic and ferroelectric properties have been  

analyzed with X-ray photoelectron spectroscopy. The capacitance versus bias voltage  

characteristics under the influence of applied dc magnetic field indicates ferroelectric  

behavior and the presence of magneto-electric/dielectric effects. The dielectric permittivity  

reduces with applied dc magnetic field which is responsible for negative

magneto-

Chapter-I 26 dielectric
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effect. The higher longitudinal magnetoelectric coupling coefficient is obtained  

in M(¼Co, Ni, Zn)FO/BTO nanocomposite which is correlated with piezoelectric  

coefficient, d 33 value measurement.  

Chiranjib Nayek et. al. [52]: The magnetoelectric properties of La 0.7 Sr 0.3 MnO 3 –BaTiO 3 core–shell nanostructure

synthesized by sol–gel method. X-ray diffraction analysis suggests that the BaTiO 3 undergoes large strain in the core–

shell structure which can be attributed to lattice induced strain. Interestingly, the core–shell nanoparticle exhibits

enhanced magnetization (143 emu/g) compared to the ferromagnetic La 0.7 Sr 0.3 MnO 3 bare core (20 emu/g). The

core–shell structure also exhibits inherent magnetoelectric coupling which is reflected as an anomaly at the ferroelectric

transition in the magnetization measurement. The direct magnetoelectric measurement on La 0.7 Sr 0.3 MnO 3 –BaTiO 3

nanocomposite revealed the magnetoelectric voltage coefficient value is 54.5 mV/cm Oe at 1 kOe, which is a promising

result as compared to the other perovskite based nanocomposites. Vandana Kuldeep et. al. [53]: Nano-structural

fabrication of both multiferroic BTO and DMS ZnO depends upon the synthesis method, type of dopant material,

stoichiometric proportion, and sintering conditions. In perovskites, the multiferroicity appears as the superposition of two

phenomena formally independent (TN 6¼ TFE), magnetism generally emerges in structures that already present some

distortions (including ferroelectric). The ferromagnetism in Fe-doped BTO and ZnO systems is explained due to F-centre

exchange (FCE) and the BMP model. The survey from multiferroic studies has demonstrated that the ME coupling may

enhance effectively from the multilayered heterostructures of BTO, BFO, and ferrite nano composites. Guo Yu et. al. [54]:

Nano-composites BTO-MZF films have been grown on (001)- oriented SrTiO 3 substrates by a pulsed laser deposition

method with composition

Chapter-I 27 0.6BaTiO 3 -0.4Mn 0.4 Zn 0.87 Fe 2 O 4 demonstrated by a PLD method at >850 ◦ C in spite of very large

lattice mismatch between the two phases. Bulk MZF generally has a low saturation field, however, the measured

saturation field of BTO-MZF is ∼2000 Oe, which limits the maximum permeability. MZF may not be fully decomposed

from BTO matrix even after annealing at 1020ºC for one hour. Zhenhua Shi et. al. [55]: The NFO–BTO PC was obtained by

the two-step approach, as confirmed by XRD, TEM and EDX analysis. The interface phase has been observed in the PC,

and the Ms of NFO in PC significantly lower than purely NFO, thanks to the presence of interface phase. The ac magnetic

susceptibility shows an abnormal around the ferroelectric phase transition temperature. The PC exhibits remarkable ME

effect through both static measurement and dynamic measurement. Notably, the PC exhibits giant ME voltage coupling

coefficient without dc magnetic field, this is beneficial for application in high frequency devices. D. Zhou et. al. [56]: The

structural, ferroelectric, ferromagnetic, resonance and magnetoelectric (ME) properties of multilayered ME composites

fabricated using tape casting method. The compositions corresponding to CoFe 2 O 4 (CFO) with particle size of ~150 nm

and BaTiO 3 (BTO) with particle size of ~100 nm were chosen as ferromagnetic and ferroelectric phases, respectively.

Delamination was found at the interface between CFO and BTO layers, which was related to the residual stress due to the

difference in thermal expansion coefficient between the two layers. The largest direct magnetoelectric and converse

magnetoelectric coefficients of the multilayered ME composite were, respectively, 36 µV/cm Oe at a bias magnetic field

of 2,800 Oe and 1.16 × 10 -3 G/V at a frequency of 30 kHz. For the multilayered ME composite, a resonance frequency of

4.96 MHz and a bandwidth of 40 kHz were obtained using capacitance-frequency spectrum method.

Chapter-I 28 1.5 AIM OF THE PRESENT WORK In order to probe the magnetoelectric coefficient (ME) of composite

material, the ferromagnetic phase Cr substituted Co ferrite with a chemical formula CoCr 0.3 Fe 1.7 O 4 has been made

composite with ferroelectric BaTiO 3 phase. Here, the composition of ferromagnetic CoCr 0.3 Fe 1.7 O 4 phase varies with

ferroelectric BaTiO 3 phase with the following formula (1-x)CoCr 0.3 Fe 1.7 O 4 +(x)BaTiO 3. Similarly, Mn 0.7 Zn 0.3 Fe 2

O 4 is a new type of single phase room temperature multiferroic material having spinel structure is combining with

ferroelectric BaTiO 3 phase with increasing the concentration of ferroelectric phase having chemical composition is (1-x)

Mn 0.7 Zn 0.3 Fe 2 O 4 + (x)BaTiO 3. Following are the main objectives of the present study; Synthesis of CCFO (1-x) + (x)

BTO and (1-x) MZFO + (x)BTO by employing ultrasonic assisted irradiation assisted sonochemcial sol-gel route to obtain

the ferromagnetic phases and sol-gel route for the fabrication of ferroelectric phase of BTO. Use of ceramic route to

obtain the M-E composites. Identification of individual phases in M-E composites and phase purity by X-ray diffraction

method. Study of surface morphology and determination of grain size by scanning electron microscopy. Determination of

stoichiometry percentage of elements in the composite by using EDAX patterns uniform distribution of elements in the

sample by color mapping. Study of absorption bands in the M-E crystals by FTIR spectra. Investigations of magnetic
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properties by VSM technique. Investigations of ferroelectric properties by P-E loops. Frequency dependent dielectric

properties by two probe technique. Study of M-E coefficient of the composites by dynamic method.
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Chapter-II 36 2.1 Introduction The various properties of ferrites and ferroelectric materials like moderate saturation

magnetization, low dielectric losses, high permeability, high magnetic saturation, low coercivity, more stable, less

expensive etc makes them useful in many applications in research field. So it has wide range of application in electronic

industries. The ferrite materials are synthesis by various techniques at different composition and conditions. Ferrites are

classified into two type’s soft and hard ferrite. The material shows both ferromagnetism and ferroelectric are known as

multiferroic. Ferrite exhibits different structures like cubic, hexagonal, tetragonal etc. out of these cubic spinal structure is

one of the most essential class of magnetic oxide. 2.2 CLASSIFICATION OF FERRITES Ferrites are the important class of

magnetic materials which can be classified on the basis of their crystal structure and magnetic properties as, Fig. 2.1:

Classification of ferrites

Chapter-II 37 2.2.1 Spinels Spinel ferrites are also called as cubic ferrites. Spinel ferrites are described by the chemical

formula MFe 2 O 4 where M stands for divalent metal ions like Cobalt (Co 2+ ), Zinc (Zn 2+ ), Magnesium (Mg 2+ ), Copper

(Cu 2+ ), Cadmium(Cd 2+ ) etc. A complete substitution of the divalent metal ion by a combination of ions with an

average valency of two is known to exist for the combinations Li + -Fe 3+ and Cu + -Fe 3+ in Li 0.5 Fe 2.5 0 4 and Cu 0.5

Fe 2.5 0 4 . However, the Cu + -Fe 3+ valences are only stable at high temperature (1200-1350°C) at which the spinel
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phase is formed [1]. The crystal structure of spinel ferrite possess two interstitial sites namely octahedral [B] to tetrahedral

(A) sites are in the ratio 2:3. Fig. 2.2: Crystal structure of Spinel ferrite 2.2.2 Magnetoplumbites ‘Magnetoplumbites are also

known as hexagonal ferrites.’ Magnetoplumbites, hexagonal or rhombohedral ferromagnetic oxides are described by the

chemical formula MFe 12 O 19 where the M occupied by divalent ions with large ionic radius ( Ca 2+ ,Sr 2+ ,Pb 2+ , and

Ba 2+ ) The hexaferrite contain octahedral and tetrahedral sites occupied by iron ions [2].

Chapter-II 38 Fig. 2.3: Crystal structure of strontium hexagonal ferrite 2.2.3 Garnets The chemical formula for

ferrimagnetic garnet is Me 3 Fe 5 O 12 where, Me is a trivalent ion such as rare earth or yttrium The unit cell is cubic and

contains eight molecules of Me 3 Fe 5 O 12 i.e. (160 atoms). The metal ions are distributed over three types of sites. The

Me ions occupy the dodecahedral sites (called c sites), where they are surrounded by eight oxygen ions, the Fe 3+ ions

distributed over the tetrahedral and octahedral sites in the ratio 3:2. Thus, the cation distribution of Me 3 Fe 5 O 12 can be

written as Me 3 c Fe 2 a Fe 3 d O 12 . Fig. 2.4: Schematic octant of a garnet crystal structure showing only cation positions.

Chapter-II 39 Fig. 2.5: An octant of a garnet crystal structure. 2.3 CLASSIFICATION OF SPINEL FERRITES The spinel

construction of ferrites is gotten from the mineral spinel (MAl 2 O 4 ), whose structure enlightened by Bragg in 1915. This

spinel construction of ferrite is made out of 32 shut pressed oxygen atoms as demonstrated in Fig. 2.2. In the middle of

the layer of these oxygen particles, there are a few interstices. These interstices are called as 'A' site or 'B' site. In the spinel

design of ferrite there are 64 tetrahedral locales 'A' and 32 octahedral destinations (B). The site (A) is composed with 4

closest adjoining oxygen particles and structures a tetrahedron. In this way, 'A' sites are called tetrahedral destinations. The

'B' sites are facilitated 6 closest neighbor oxygen particles and whose lines associating focus to depict an octahedron.

Subsequently, the 'B' sites are called as octahedral destinations. In cubic spinel design of ferrites, there are 64 tetrahedral

destinations and 32 octahedral sites. Incidentally, out of the 64 tetrahedral destinations; just 8 sites are involved by

divalent particles and out of 32 octahedral sites; just 16 are involved by trivalent particles. The all out certain charge would

be 8 × (+2) = +16 or more the 16 × (+3) = +48 or an aggregate of +64 which is expected to adjust the 32× (- 2) = - 64 for

the oxygen particles [3, 4]. Fig. 2.2 addresses the area of oxygen and metal particles in

Chapter-II 40 four neighboring octants of a solitary unit cell of spinel ferrite. Substitute number of the octants possesses

the tetrahedral site 'A' and staying nearby octants involves the octahedral site 'B'. In view of the cation conveyance, spinel

ferrites are ordered into three types: 2.3.1 Normal spinel In ordinary spinel ferrite, the di-valent particles possess the A-

sites and the trivalent particles involve the B- sites. The cation dispersion is given by: [M 2+ ]A[Fe 3+ Fe 3+ ]BO 4 2- where,

M is the divalent metal particle for example ZnFe 2 O 4 2.3.2 Inverse spinel In opposite spinel ferrite, the trivalent (Fe 3+ )

particles possess all the A- sites and other trivalent particles involve a large portion of the quantity of B-destinations and

the excess B- sites are involved by the divalent (M 2+ ) metal particles. The cation circulation is given by, [Fe 3+ ]A[M 2+ Fe

3+ ]BO 4 2- These materials show ferromagnetic properties. for example NiFe 2 O 4 , CoFe 2 O 4 , CuFe 2 O 4 etc. 2.3.3

Random spinel At the point when the divalent (M 2+ ) and trivalent (Fe 3+ ) particles are haphazardly disseminated over

tetrahedral and octahedral sites, the spinel are known as irregular spinel ferrites. The cation circulation is given by, [MxFe

(1-x) 3+ ] A [M(1-x) 2+ Fe(1+x) 3+ ]BO 4 2- where, 0 ≤ x ≤ 1 with x = 1 ordinary spinel and x = 0 backwards spinel ferrite is

gotten.

Chapter-II 41 Sometimes, the divalent particle might be supplanted by monovalent and trivalent particles, while as yet

holding the spinel structure like Li 0.5 1+ Fe 0.5 3+ [Fe 2 3+ ]O 4 [3,4]. 2.4 CRYSTAL STRUCTURE OF FERROELECTRICS

“Perovskite” was initially the name of the mineral perovskite CaTiO 3 . Ideally, the crystal structure of perovskite can be

described as ABX 3 . The ABX 3 perovskite structure stands out by a wide margin compared with other structures. Since, it

can produce an incredibly wide array of phases with totally different functions and various chemical manipulations. In this

family, the perovskite group of oxides with the chemical formula of ABO 3 . It can be visualized as a simple cubic unit cell

with large cations ‘A’ located at eight corners and smaller cations ‘B’ located in the body center and oxygen atoms in the

face center, as shown in Fig. 2.2. The resulting perovskite structure can also be described as consisting of corner sharing

[BO 6 ] octahedral with the ‘A’ cation occupying the 12-fold coordination site formed in the middle of the cube of eight

such octahedral as shown in Fig. 2.6. However, in the perovskite crystal structure the unit cell is temperature dependent.

Fig. 2.6: BaTiO 3 Perovskite crystal structure

Chapter-II 42 Fig. 2.7: Polyhedra model of perovskite structure The BaTiO 3 is one class of Perovskite crystal structure in

which the Ti is a ‘3d’ transition element and has the ‘d’ orbital for electrons to form covalent bonds with its neighbors. The

radius of Ti 4+ ion is about 0.68 Å and that of Ba 2+ is about 1.35 Å. These ions form nice octahedral cages, with the O 2-

ions held apart. At temperatures higher than the Curie temperature (<120°C), Ti 4+ stays in the cage, rattling around it to

make the unit cell maintain a symmetrical cubic structure. At a certain transition temperature, the particular structure of

the unit cell becomes unstable and must transform to a more stable one. So, at the Curie temperature (T c ), the



16/84

octahedral cages distort and the positive ions move to off- center positions. The crystal takes a tetragonal form, resulting

from the stretching of the cubic unit cells along one edge, as shown in Fig. 2.5. In fact, the Ba 2+ ions shift 0.05 Å upward

from their original position in the cubic structure; Ti 4+ ions shift upward by 0.1 Å and the O 2- ions shift downward by

0.04 Å to form the tetragonal structure. As a result of the ion shifts, the centroid of the

Chapter-II 43 positive charges no longer coincides with the centroid of the negative charges; therefore, the unit cells

become permanently polarized and behave as permanent dipoles, leading to spontaneous polarization. The direction of

the displacement can be reversed by a sufficiently high electric field of opposite polarity. This possibility of dipole reversal

distinguishes ferroelectric materials from non ferroelectric ones [5]. Fig. 2.8: The ion displacements due to the cubic-

tetragonal distortion in BaTiO 3 2.5 PROPERTIES OF FERRITES The magnetic properties of ferrites, such as saturation

magnetization(Ms), magnetic induction, initial permeability (µ), Curie temperature (Tc), coercivity (Hc) and Magnetoelectric

(ME) effect these properties depends upon the concentration of divalent metal ions on both tetrahedral and octahedral

sites. Hence the properties are known as “intrinsic properties”. On the other hand, the hysteresis loop, resistivity, AC

conductivity and dielectric constant depend on the structure of ferrites and hence are called as “structure sensitive

proportion”. The magnetic properties are strongly dependent on the chemical composition, sintering atmosphere,

sintering temperature, sintering time, grain size, crystal structure, cations distribution and porosity of the materials.

Chapter-II 44 2.5.1 Magnetic properties The spontaneous magnetization in ferrite materials was firstly given by Neel in

1948; where he stated that these materials show distinctly different magnetic structures than previously reported

magnetic materials. Table 2.1: Comparative properties of soft and hard magnetic materials. Sr. No. Soft ferrite Hard ferrite 1

High saturation magnetization(1-2T) High saturation magnetization(0.3-6T) 2 Low coercivity (H C ) High coercivity (H C ) 3

High permeability Not important but low 4 Low anisotropy High anisotropy 5 Low magnetostriction Not important 6 High

curie temperature High curie temperature 7 High electrical resistivity Not important 8 Low losses High energy product

Ferrites avail ferrimagnetism because of superexchange interaction among electrons of metal and oxygen ions. The

various factors that determine the magnetic properties of ferrites include the nature of cations, heat treatment,

preparative method, site preference, energy of cations, and Madelung energy. Theory of Heisenberg’s exchange forces is

used by Neel to explain the magnetization in ferrites; according to this theory, the exchange energy between two

adjacent atoms having spin angular momentum is given by following equation. E ex = - 2 J ex S i S J (2.1) where, E ex is

the exchange energy, S i and S j are the total spins of adjacent atoms, J ex is the exchange integral (probability of

exchange of electron).

Chapter-II 45 In spinel ferrites, there are three kinds of magnetic interactions between the magnetic ions. The magnetic

ions are present in two crystallographically distinct lattice sites and magnetic interaction is through intermediate O 2 ions

through a super exchange mechanism [8]. In a spinel, these magnetic moments interact through the anions (super

exchange), resulting in a situation where, the moments of both A- and B-site ions are aligned, i.e., A- A and B-B parallel,

but A-B antiparallel a ferrimagnetic ordering. The exchange force acted between an ion on A-site and an ion on B-site is

governed by above equation. The value of J ex determines the ferri, ferro, or antiferromagnetism. It has been

experimentally proved that the interaction energy for spinel ferrites is negative and hence induces an antiparallel

orientation. However, magnetizations magnitude of A and B sublattices are not equal which produces a resultant net

magnetization in ferrites.

82% MATCHING BLOCK 18/88 http://prr.hec.gov.pk/jspui/bitstream/123 ...

The distance from magnetic  

ions to the oxygen ion (through which the interaction occurs) and the angle

Ф between the magnetic ions are the key factors in determining the magnitude of the interaction energy between two

magnetic ions [9]. An angle of 180 o will give rise to the greatest exchange energy and it tends to decrease very rapidly

with increasing the distance. Based on

84% MATCHING BLOCK 19/88 http://prr.hec.gov.pk/jspui/bitstream/123 ...

the values of the distance and  

the angle Ф, it may be inferred that of the three interactions, the A-B interaction

is of the greatest magnitude and the A-A interaction is the weakest. A-B interaction is predominant, and
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the spins of the A- and B-site ions in ferrite will be oppositely magnetized

in the A and B

100% MATCHING BLOCK 21/88 http://prr.hec.gov.pk/jspui/bitstream/123 ...

sublattices, with a resultant magnetic moment equal to the difference between those  

of A- and B-site ions [10].

Generally, the value of saturation magnetic moment for the B lattice (M B ) is greater than that of the A lattice (M A ) so

that the resultant saturation magnetization (Ms) may be given as Ms = M B M A . Magnetic moment of ferrites can be

systematically altered by chemical substitutions. Magnetic moment in mixed Mn-Zn ferrites and Ni-Zn ferrites need to be

high for important industrial applications.

Chapter-II 46 Introduction of Zn ions in Mn-ferrite or Ni-ferrite helps in increasing net magnetic moment [11]. It occupies

A-sites, and Zn 2+ ions are nonmagnetic, thus reducing the A- sublattice magnetization on increasing the total net

magnetic moment. Addition of small amount of Zn follows the expected relationship, but at higher content, net moments

tend to decrease because some of the Fe 3+ ions no longer have magnetic neighbors and interactions break up.

Increased temperature also decreases the degree of magnetic moment because of influence of thermal agitation. At a

certain temperature, the Curie temperature T c , the magnetic ordering completely vanishes. 2.5.2 Magnetic induction If

the performance of a magnetic component or device depends on the magnetization of the ferromagnetic material

involved, induction, rather than magnetization is used to assess the performance. This is so because the definition of

induction, B= µ 0 (H+M) (2.2) It has made it inherently structure-sensitive static property through the permeability of free

space (µ 0 ), magnetic intensity (H) term and therefore induction is more useful than magnetization in practice. 2.5.3

Permeability In an unmagnetized state, magnetic material contains a large number of small magnetic domains with

parallel spin. These domains are oriented in all possible directions, so the net moment is zero. Between two adjacent

domains, a thin transition zone exists in which the orientation gradually changes from the first to that of the second

domain. Such a transition zone is called as domain wall. If external magnetic field with sufficient strength is applied to the

magnetic material, then all domains are oriented in the direction of

Chapter-II 47 applied magnetic field. There are two possible mechanisms given for such orientations [12-13]: (1) rotation,

in which all domains are turned along with external magnetic field, and (2) domain wall displacement, in which domains

with same orientation are enlarged at the expense of neighbors by moving domain wall between them. In metals, at a low

field only wall displacements take place but in ferrites the domain walls are more fixed and more difficult to move than in

metals, perhaps because of the voids present in the material. In ferrites, µ i is simply the result of rotation and for

displacement contribution H requirement is very high. The amount to which each of the two mechanisms contributes to

µ i depends on different parameters such as frequency of H-field, chemical composition, ceramic microstructure,

temperature, stress, etc. Pinning of domain walls is affected by microstructure and grain boundaries, and the effective

initial permeability depends more or less linearly on grain size [14, 15]. In small grains, the rotational contribution

dominates, whereas at higher grain size, the wall contribution becomes more and more important [16]. Permeability, µ=

dB/dH , is plotted as a function of H, for H = 0 is called the initial permeability, µ i increases with increasing H to a

maximum value, µ max , and then decreases again to saturation value of 1. For ferrites, the ratio of µ max : µ i is 2 to 4. For

a static small magnetic field, metals can reach up to µ i =10 5 and ferrites have maximum µ i , which is approximately 10 5

. If an alternating magnetic field of increased frequency is applied, then µ i of metals decreases because of eddy current

losses; but, for ferrites µ i remains constant into the high frequencies, which leads to many applications. However, µ max

decreases with frequency and asymptotically approaches µ i because the walls are inclined to “freeze” in the material and

can no longer follow the alternating field. This absence of wall displacements leads, for high frequencies saturation is

rather independent of H, resulting in a low distortion [17].

Chapter-II 48 Magnetic permeability (µ) is defined as ratio of magnetic induction (B) to magnetic field (H) or strength of

applied field. The ratio of flux density and applied field is called as absolute permeability. B/H= µ (1 + M/H) = µ absolute

(2.3) This absolute permeability is the product of the magnetic constant of free space and the relative permeability, B/H= µ

r µ 0 (2.4) There are several versions of µ r depending on conditions 2.5.4 Magnetization Magnetic materials experience
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change in the dimensions during magnetization. The major effect in a change in a shape, with the volume remains

approximately constant. This phenomenon is known as magnetostriction. These changes occur, when the material is

cubic but the magnetic order is non-cubic. If material shrinks in the direction of applied magnetic field, the

magnetostriction is considered to be negative and it expands, then termed as positive magnetostriction. The saturation

magnetization of a material decreases on heating towards the Curie temperature due to the decrease in the degree of

alignment of the atomic magnetic moments. As this alignments and the saturation magnetization decreases so does the

volume expansion caused by the spontaneous magnetostriction and hence the materials contracts. In the case of inverse

this contraction due to loss of spontaneous magnetostriction is equal to the expansion caused by normal thermal

vibration processes and hence the material shows no change in dimensions [18]. However, above the Curie temperature

there is no longer any magnetic ordering and thermal expansion occurs normally. Field induced magnetostriction occur

when the magnetic domains align and the dimension change caused by the ordering of the

Chapter-II 49 atomic magnetic moments all combine to give a dimensional change to the block of material. 2.5.5

Magnetic Hysteresis loop When ferromagnetic material, consisting of magnetic domain with spins oriented at random, is

subjected to an external magnetic field, the domain start orienting in the direction of the magnetic field and the net

magnetization may vary between zero and saturation value. Under the influence of an external field, the domain wall

experiences a pressure and grows at the expense of unfavorably oriented domains. Due to the irreversible domain wall

movements, the magnetization will always lag behind the field and an open loop will be traced. This phenomenon is

known as magnetic hysteresis and the loop is called a hysteresis loop. The nature of hysteresis loop as shown in Fig.2.9.

Fig. 2.9: Magnetic Hysteresis loop of ferrite At certain magnetic field the material attains a saturation value i.e. saturation

magnetization (Ms) and after reduction of the magnetic field, certain magnetization is

Chapter-II 50 retained which is termed as residual or remnant magnetization (Mr). When the direction of magnetic field is

reversed, the remnant magnetization reduces and finally becomes zero at certain magnetic field, called as coercive field

(Hc). The loop provides information about the work done in cycle of magnetization, coercivity and saturation

magnetization. Extensive work has been done on the magnetization of ferrites through hysteresis measurements. The

shape of hysteresis loop provides the information about the domain state of grains inside the sample. Based on the

hysteresis phenomenon, Bean has classified the magnetic particles into single domain, multi domain and super magnetic

domain [19]. 2.5.6 Anisotropy The magnetization behavior of spinel ferrites is majorly affected by anisotropy, and the most

common types of anisotropies are magneto crystalline anisotropy, shape anisotropy and stress anisotropy. The effortless

orientation of spins in a certain direction depends on the position with respect to the crystallographic axis [20].

Magnetocrystalline anisotropy occurs due to spine-orbit coupling and energetically favors alignment of the magnetization

along a specific crystallographic direction. The direction preferred by the magnetocrystalline anisotropy is known as the

easy axis of the material. A polycrystalline sample with no preferred grain orientation presents no net crystal anisotropy

due to averaging over all orientations. The magnetocrystalline anisotropy is specific to a given material and independent

of particle shape. It can be considered as anisotropy of the exchange energy in the various crystal directions [21].

Exchange energy is lowered by the addition of Zn ferrite, which at the same time lowers the Curie point. For a cubic spinel

lattice, the energy of a certain orientation is E c = K (α 1 2 α 2 2 + α 1 2 α 3 2 + α 2 2 α 3 2 ), where, α 1 , α 2 and α 3 are

angles of the orientation with the crystallographic axes. For all cubic ferrites, the magnetocrystalline anisotropy, K, is

Chapter-II 51 negative, so that E c is a minimum for the cube diagonal direction where α 1 = α 2 = α 3 . A symmetric shape

like sphere does not have any shape anisotropy while nonspherical polycrystalline specimen has shape anisotropy. A

cylindrical sample is easier to magnetize along the long direction than along the short directions. Shape anisotropy is

predicted to produce high coercive forces. Stress anisotropy is associated to the phenomenon of magnetostriction that

indicates the changes in shape of magnetic material. Various internal and external stresses such as rapid cooling,

application of external pressure, annealing in a magnetic field, plastic deformation, or ion beam irradiation are responsible

for stress anisotropy [22, 23]. Magnetostriction is an elastic change in the shape of a magnetic body on magnetization. If

the length is increased in the direction of the magnetization, the magnetostriction becomes positive; if it is decreased, the

magnetostriction becomes negative. On increase of the field, the magnetostriction, like the magnetization, arrives at a

saturation value. This specific change in length at saturation is negative for all cubic ferrites (Mn ferrites, -2 x 10 -6 ; Ni

ferrite, -27 x 10 -6 ) with the exception of ferrous ferrite, Fe 3 O 4 , where it is 40 x 10 -6 . When a ferromagnet is in close

proximity to an antiferromagnet or ferrimagnet, it leads to exchange anisotropy. Magnetic coupling at the interface of

these two materials can form a special direction in the ferromagnetic phase, which takes the form of a unidirectional

anisotropy [24, 25]. This type of anisotropy is mostly observed in type-B particles when an antiferromagnetic or

ferrimagnetic oxide forms around a ferromagnetic core. Magnetocrystalline anisotropy, magnetostriction, and magnetic

permeability depend markedly on chemical composition.
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Chapter-II 52 2.5.7 Energy Losses The losses in a soft magnetic material under certain conditions can be defined as the

amount of energy from a high-frequency magnetic field is converted into a heat. Usually, these losses are expressed in

different ways for weak and strong magnetic fields. At elevated frequencies, spinel ferrites show energy losses. There are

various physical mechanisms responsible for these losses and occur at different frequencies with heat dissipation.

Hysteresis losses are responsible for major heat dissipation and are generated because of irreversible domain wall jumps.

The loss per cycle (cycle of the H- and B- fields corresponds to one hysteresis loop) is greater when the area of loop is

higher. Hysteresis losses can be reduced by preventing the domain wall jumps by reducing the number of

inhomogeneities, magnetocrystalline, and stress anisotropy. Addition of Co 2+ and Ti 4+ ions or use of ceramic

microstructures of smaller grains also reduces the domain wall jump [26, 27]. Eddy current losses are second important

loss contributor, which is induced by alternating magnetic fluxes. Eddy current losses can be restricted by providing a high

electrical resistivity [28]. Magnetic resonances are also responsible for energy losses usually at above ~ 1 MHz. In ferrites,

the eddy current loss is usually negligible because of the high p, which is about 10 12 times that for metals. Only for Mn-

Zn ferrites containing ferrous ions, the resistivity lower, in the neighborhood of 0.5 to 1 Mc/sec, thereby, the losses can no

longer be neglected. In metals, eddy current losses are usually the biggest loss source [29]. 2.5.8 Electrical conductivity

Spinel ferrites occupy special a place among the other conventional magnetic materials because of their wide variety of

applications. It has very low conductivity as compared with other magnetic materials and hence, they are frequently used

at microwave

Chapter-II 53 frequencies. Spinel ferrites are basically semiconductors having conductivity in the range between 10 2 and

10 -11 Ohm 1 cm -1 . Fe 2+ and metal ions (M 3+ ) are responsible for semi- conductivity in which Fe 2+ shows an n-type

and M 3+ p-type behavior. The conductivity arises because of the mobility of the extra electron or the positive hole

through the crystal lattice. Hopping mechanism best describes the movement of charge carrier jump from one ionic site

to the other. Electrostatic interaction between conduction electron (hole) and nearby ions may result into a displacement

of the latter and polarization of the surrounding region, so that the carrier is situated at the center of a polarization

potential well. If potential well is deep enough, then the carrier is trapped at a lattice site and its transition to a neighboring

site is determined by thermal activation. Mobility of the jumping electrons or holes is proportional to e -Q/KT , where Q is

the activation energy, K-Boltzmann’s constant and T the temperature in degree absolute [30]. 2.6 PROPERTIES OF

FERROELECTRICS Ferroelectric materials have a spontaneous electric polarization, they have been studied since over a

century ago when large piezoelectric constant were observed. The ferroelectric have received a great amount of interests

because of their various use in a range of applications, including transducers, actuators, capacitors and memory

applications. A ferroelectric material possesses at least two equilibrium orientations of the spontaneous polarization

vector in the absences of an external electric field, and the spontaneous polarization can be switched by an electric field.

The polar character of the orientation state should represent an absolutely stable configuration in null field.

Chapter-II 54 2.6.1 Spontaneous polarization Spontaneous polarization (Ps) is defined as the magnitude of polarization

within a single ferroelectric domain in the absence of an external electric field. Spontaneous polarization is a fundamental

property of all pyroelectric crystals, but it is reversible and reorientationable in ferroelectrics only. Most ferroelectric phase

originates from a non- polar prototypic phase and all of the polarization is reorientationable. However, if the prototypic

phase is polar, only a proportion of the total spontaneous polarization may be reoriented, the reorientationable or

reversible process is commonly called as the spontaneous polarization. The magnitude of Ps in a single crystal is directly

related to the atomic displacements that occur in ferroelectric reversal and may be calculated from the atomic positions

within the unit cell if known. Designating ∆ i as the component of the atomic displacement vectors joining the i th atom

positions in the original and reversed orientations along the direction of Ps, Z i the effective charge on the i th ion and V as

the unit cell volume, then P = (1/2V)∆ i Z i . The spontaneous polarization of single-domain materials usually lie within the

range 10 -7 and10 -4 Coulomb/cm [31-32]. The spontaneous polarization can be calculated directly from charge density

obtainable by X-ray diffraction structural measurements, corrected for the charge transferred across unit cell boundaries.

2.6.2 Piezoelectric effect The piezoelectricity is the property of crystal to exhibit electric polarity when subjected to the

stress. It is termed as a flow of charges in certain direction after application of pressure to the piezoelectric crystal.

Basically the word ‘piezo’ means ‘pressure’ hence the original meaning of the word piezoelectricity implies ‘pressure

electricity’. If the pressure is replaced by tension, the charge will flow in the opposite

Chapter-II 55 direction. Also if we apply an electric field to the crystal plate, it will get stretched and if we reverse the field

direction the crystal will get compressed i.e. under an applied electric field, the cations are drawn in the direction of

electric field, and the anions in the opposite direction, leading to the relative change in the inter-ionic distance and

depending on the applied electric field contraction and expansion occurs. This is termed as the converse piezoelectric

effect. Certain materials produce electric charges on the surface after application of mechanical stress. The charges
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induced are proportional to the mechanical stress. This is called the direct piezoelectric effect. 2.6.3 Ferroelectric

hysteresis loop Fig. 2.10: The P-E hysteresis loop of ferroelectric material where P max is the saturation polarization, Pr

means remnant polarization and Ec shows Coercive field

Chapter-II 56 Considering a crystal, which initially has an overall polarization equal to zero, i.e., the sum of the vectors

representing the dipole moments of the individual domain vanishes. When an electric field is applied to the crystal, the

domains with polarization components along the applied field direction grow at the expense of the "anti-parallel"

domains; thus the polarization increases. When all domains are aligned in the direction of the applied field the polarization

saturates and the crystal becomes a single domain. A further increase in the polarization with increasing applied field

results from "normal polarization" effects; rotation of domain vectors may also be involved if the external field does not

coincide with one of the possible directions of spontaneous polarization The hysteresis loop the saturation polarization is

plotted along Y-axis and electric field along X- axis the nature of graph as shown in fig. When positive and negative

domains are equal in the crystal, then overall polarization is zero. When electric field is applied on crystal the domain tend

to be polarized along the positive direction for sufficiently large electric field all the domain are polarized to the applied

electric field indicating the state of saturation polarization and crystal becomes single domain. When we reducing the

applied electric field, then polarizations decreases but not return to zero when field applied field back to zero value it

means that material is spontaneously polarized is called as remnant polarization (Pr) and it refers to the crystal as a whole.

To remnant polarization can be removed only when the applied field is move in reverse direction. The field at which

saturation polarization is zero that field is called as coercive field (Ec) [33]. The continuing decreasing the electric field in

negative direction the material again reaches saturation with its entire domain polarized but in negative direction. The plot

of P verses E is called as dielectric hysteresis loop it is similar to the B-H curve in ferromagnetic material.

Chapter-II 57 2.7 PROPERTIES OF M-E COMPOSITES 2.7.1 Magnetoelectric effect (ME) The Magnetoelectric (ME) property

of the piezoelectric-piezomagnetic composite is known as product property of the composites which is achieved from

the interaction between different properties of the two phases in composites. Both phases have not ME effect, but when

they combined together, the composite show remarkable ME effect. Thus ME effect is a result of product of

piezomagnetic effect (magnetic/mechanical effect) in the ferromagnetic phase and the piezoelectric effect

(mechanical/electric effect) in the ferroelectric phase, namely [34]. ME Effect = Magnetic Mechanical X Mechanical

Electrical (2.5) This is coupled electrical and magnetic phenomenon by elastic interaction. This effect would make the

conversion between electric energy and magnetic energy possible, which provides opportunities for potential applications

as ME memories, waveguides, transducer, actuators and sensors [35-37]. This effect in composites is due to strain induced

in the ferrite phase, thereby resulting in polarization of the ferroelectric phase due to piezoelectric effect [38]. Thus the ME

effect is result of inherent properties such as magnetostriction and piezoelectric effect of the constituent phases present

in the composite. In spite of the low value observed in dE/dH such composites has scientific and technological interest.

The study of such composites provides a unique tool to characterize the material simultaneously in single phase and in

composite form.
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Chapter-III 62 3.1 INTRODUCTION In the present era fabrication and characterization of nano size particles has attracted

the much attention of the peoples from science and technology. The physical and chemical properties show dramatic

modifications at smaller scale and their applications in various fields. Chemical routes provide a convenient process for

the fabrication of nanostructured ceramics at comparatively low cost, temperature, and time [1]. Newly prepared samples

can be characterized by various techniques in order to understand the structural, electric and magnetic behaviour under

certain conditions. This chapter gives the details of various characterization methods used to study the structural,

electrical and magnetic properties of CCFO-BTO and MZFO-BTO M-E composites. 3.2 X-RAY DIFFRACCTION X-ray

diffraction technique is one of the most important characterization tool used in solid state chemistry and material science

to study the atomic and molecular structure of crystalline substances. Crystal structure and phase are some way helps to

find physical properties of solid. A crystal lattice is a periodically arranged in three-dimensional array (cubic, rhombic,

hexagonal) of atoms in space. They are shaped in such a way that they form a series of parallel planes separated from one

another by a distance d (inter-planar or inter-atomic distance) which varies according to the nature of the material. In a

crystal, planes are found in a number of different orientations each with its own specific d-spacing.
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X-ray diffractometer contains of three basic elements: an X-ray tube, a sample holder, and  

an X-ray detector.

Productions of electrons by heating filament
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in a cathode ray tube, X- 

rays are generated. Highly energetic electrons are accelerated toward a target by applying  

a voltage, and penetrate the target material. When penetrated electrons have enough  

energy to dislocate inner shell electrons of the target material, characteristic X-

rays are
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produced [2]. These spectra consist of several components, the most common being

K α K β , and K γ . Characteristic of the target material (Cu, Fe, Mo, and Cr) have specific wavelengths. Most common

target material used for single-crystal diffraction is copper having CuK α radiation of wvelength1.5418
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Å. These X-rays are collimated and directed to  

the sample [3]. The intensity of the reflected X-rays is recorded, when the sample and  

detector are rotated. When the geometry of the incident X-ray impinging the sample  

satisfies the Bragg condition, constructive interference occurs and intensive peaks  

observed [4]. A detector records and processes this X-ray signal and turns the signal to a  

count rate which is then output to a device such as a printer or computer monitor.

The

experimental arrangement
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of an X-ray diffractometer is such that the specimen rotates in  

the path of the collimated X-ray beam by an angle θ while the X-ray detector is fixed on  

an arm to detect the diffracted X-rays and rotates at an angle of 2θ. The instrument used to  

rotate the sample by a specific angle is called a goniometer. For typical powder patterns,  

data is collected at 2θ from ~10° to 80°angles that are preset in the X-ray scan (Fig. 3.1).  

Powder X-ray diffraction technique is

useful to understand the following parameters of the material. Fig. 3.1: XRD experimental setup

Chapter-III 64 3.2.1 Inter-planner spacing (d) A plane in a crystal is specified in terms of Miller indices (hkl).The inter-planar

spacing (d) for the planes of indices (hkl) is equal to the distance between the nearest parallel planes of crystalline lattice.

Bragg’s law gives the equation which is used to calculate inter planner distances between two planes in the crystalline

lattice [5]; n d 2sin λ = θ (3.1) Where, n – is order of spectrum, λ - is the incident wavelength, d is inter-planer distance and

θ- is the Bragg’s angle. 3.2.2 Lattice constant (a)
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Unit cell parameters, i.e. lattice constant were determined by indexing the detected  

reflections of the

X-ray diffraction patterns. Lattice constant or lattice parameter, refers to the constant distance between unit cells in a

crystalline lattice. As lattice constant (a) have the dimension of length, its SI unit is meter. Lattice constant is typically of the

order of several angstroms (Å). The Lattice constant (a) was determined by using following relations for different crystal

structures [6], A) For Cubic Crystals ( ) 2 2 2 2 h k l a 2 sin ? ? + + λ ? ? = θ ? ? ? ? (3.2) Where, (hkl) is the miller indices, λ is

the wavelength of X-ray radiation and θ is the Bragg’s angle. B) For tetragonal Structure ( ) hkl 2 2 2 2 2 a d h k l a c = + +

(3.3)

Chapter-III 65 3.2.3
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X-ray density (d X ) and Bulk density (d B )  

The method of

preparation, sintering temperature and sintering conditions affects on change in
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the X-ray density (d X ) and bulk density (d B )

may be due the existence of pores in the samples. The mass of many particles of the material divided by the total volume

they occupied is known as Bulk density (d B ) . Bulk density is an extrinsic property of a material; it can change depending

on how the material is handled [7]. A) Bulk Density B B 2 M M d i.e.d V r h = = π (3.4) Where, d B – is the Bulk density, M –

is mass of pellet, V – is volume of sample (πr 2 h), r – radius of pellet, and h – thickness of pellet B) X-ray density X A nM d

N V = (3.5) Where, d x = X-ray density, M = Molecular weight of the composition, n = Number of molecules per unit

volume (8 for cubic structure), N A = Avogadro’s Number = 6.02214 ×10 23 , V = Volume = a 3 (for cubic) and a 2 c (for

tetragonal) 3.2.4 Porosity Porosity in spinel ferrite nano-particles is a measure of voids (empty) spaces in the materials. It is

a fraction of the volume of voids out of total volume, as percentage porosity (P) between 0–100%. The magnetic and

electric properties of ferrites are nearly related with porosity. Hence, the by using the following relation ‘P’ of the nano-

particles can be determined [8], x B B d d P d ? ? - = ? ? ? ? (3.6)

Chapter-III 66 3.2.5 Crystallite size The broadening of x-ray diffraction lines exhibited by material are indication of

crystalline size of crystals. So, the crystalline size is usually measured from X-ray diffraction patterns. The crystallite size (t)



24/84

was determined by using the line broadening of the most intense diffraction peak by using the well-known Debye

Scherrer equation [9]. FWHM 0.9 t B Cos λ = θ (3.7) Where, t – is crystalline size, λ - Wavelength of incident radiation , B

FWHM – Full width at Half Maximum intensity in radian, θ- Bragg’s angle. 3.3 SCANNING ELECTRON MICROSCOPY (SEM)

Fig. 3.2: Schematic representation of SEM analysis [10]

Chapter-III 67 Rather than visible light electrons are used in this class of microscopes to produce magnified images,

especially of objects having dimensions smaller than the wavelengths of visible light, with linear magnification

approaching or exceeding a million (10 6 ). An electron microscope forms a three dimensional image on a cathode ray

tube by moving a beam of focused electrons across an object and reading both the electrons scattered by the object and

the secondary electrons produced by it. High powered indirect microscope produces an image by bombarding a sample

with a beam of high energy electrons. The electrons emitted from the sample are then scanned to form a magnified

image which allows the examination of the structure, relief and morphology of materials. In addition to its high

magnification, the SEM also has a high depth of field. Scanning electron microscopy (SEM) used to study microstructures

of prepared samples. Fig. 3.3: SEM experimental setup The surface morphology of the sample was studied using HITACHI

S-4800 microscope having accelerating voltage is about 20 KV. The samples of material were deposited on carbon tape

on sample holder to study the micro structure and grain boundary

Chapter-III 68 also particle size of sample is determined. SEM gives the detail information of samples has the dense,

homogeneous and fine grain structure and distinguished grain boundaries of the material. Fig. 3.2 shows the schematic

representation of SEM analysis and Fig. 3.3 shows the experimental setup of scanning electron microscope. 3.4 ENERGY

DISPERSIVE X-RAY SPECTROSCOPY (EDAX) Elemental compositions were predicted using X-ray electron diffraction

analysis (EDAX) or also called as energy –dispersive X-ray spectroscopy (EDS). The EDS is an analytical technique used to

identify the elemental composition of samples and used in combination with scanning electron microscopy (SEM). The

energy dispersive X-rays analysis is used for elemental detection and quantization for compositional analysis. The beam

electron is hit on the surface of conducting sample. Energy of the beam is specifically in the range of 10 -20 kev. The

beam of x-ray is moving the across the sample of the material and image of each element in the sample can be obtained.

The elements having high atomic number are easy to detect by EDAX analysis but the element of low atomic number are

difficult to detect by using this techniques. The EDAX spectra are recorded by focusing the beam at different regions of

the same specimen to verify the spatially homogeneous composition of materials [11]. 3.4.1 Wavelength dispersive X-ray

Analysis (WDAX) or (WDS) The characteristics X‐ray are identified by their wavelengths by diffracting them on a crystal

monochrometor of known ‘d’ spacing and following Bragg’s law (Eq. 2.6). In totally focusing spectrometer sample, crystal

and detector all are lies on the same circle known as Rowland circle such that Brag’s law satisfied in all cases. The crystal

moves on

Chapter-III 69 a linear path in order to maintain constant take off angle. The centre of Rowland circle moves on arc with

X-ray source as centre. 3.4.2 Energy dispersive X-ray analysis (EDAX) or (EDS) Here, the characteristics X-rays are identified

by their energy using solid state detectors. It consists of semiconductor Si (Li) counter and FET preamplifier this two are

cooled by liquid nitrogen and multichannel analyzer (MCA). The utility of this kind of spectrometer is based on two

properties. The excellent energy resolution of Si (Li) counters. The ability of MCA is to perform rapid pulse height analysis.

3.5 FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR) The aim of absorption Fourier transform infrared

spectroscopy is to measure the absorption percentage of a sample at different wavelengths. Rather than a

monochromatic light, this method focuses a beam simultaneously
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containing many  

frequencies of light and measures how much of that beam is absorbed by the sample. Next,  

the beam is customized to have a different group of frequencies which gives a second data  

point.

In a very short time span, the same
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process is repeated several times. A simulated  

computer collects all this data and works backward to infer what the absorption is at each  

wavelength. The beam as explained above is generated by a broadband light source which  

consist the full spectrum of wavelengths. The beam enters into a Michelson interferometer  

through a certain configuration of mirrors, one of which is moved by a motor. As this  

mirror moves, each wavelength of light in the beam is repeatedly blocked and transmitted  

by the interferometer, due to

phenomena of
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wave interference. Different wavelengths are  

modulated at different rates and hence at each moment the beam emerging out of the  

interferometer has a different spectrum. As

explained above, a computer processing is

Chapter-III 70 required to process the raw data into the desired result.
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The Fourier transform converts one  

domain (in this case displacement of the mirror in cm) into its inverse domain  

(wavenumbers in cm -1 ). The raw data is called an "interferogram" [12].  

 

Fig. 3.4: Schematic diagram of FTIR 3.6 VIBRATING SAMPLE MAGNETOMETER The magnetic behavior of magnetic

materials is measured by using vibrating sample magnetometer (VSM). VSM operates on the principal of
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Faraday's law of  

induction; a change in magnetic field will generate an electric field. This electric field give  

us information about the changing magnetic field

by measure it. The sample to be studied is kept in constant magnetic field. If the sample is magnetic, this constant

magnetic field will magnetize the sample by aligning the magnetic domains, or the individual magnetic spins, with the

field. The magnetization will be higher, when the value of the applied constant magnetic field is higher. A magnetic field

around the sample will create by the magnetic dipole moment of the sample; sometimes it called the magnetic stray field.

As the sample is moved up and down, this magnetic stray field changes as a function of time and can be sensed by a set

of pickup coils. Due to alternating magnetic field, an electric

Chapter-III 71 field generate in the pick-up coils according to Faraday's law of induction. This current will be proportional

to the magnetization of the sample. Induced current will be higher if the sample possesses higher magnetization. Fig. 3.5:

Schematic representation of VSM analysis [13]. In order to investigate the ferromagnetic properties of the multiphase

multiferroic composite, VSM measurements were performed on all samples at room temperature, indicating magnetic

hysteresis loops with a maximum field of 0.5 kOe. The magnetic properties such as saturation magnetization, magneton

number, coercivity, remanence ratio etc. were studied by using vibrating sample magnetometer. Fig. 3.5 shows the

schematic representation of VSM analysis and Fig. 3.6 shows experimental set-up of vibrating sample magnetometer.

Chapter-III 72 Fig. 3.6: Experimental set-up of vibrating sample magnetometer 3.6.1 Saturation magnetization (Ms) The

maximum attainable intensity of magnetization per unit volume is called as saturation magnetization of ferromagnetic
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material and is shown by (Ms). The powerful
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tool to study the different parameter such as domain wall motion, anisotropy, magnetic  

hardness or softness of material, magnetic ordering etc

is magnetization. The experimental method for the determination of saturation magnetization has reviewed by Mc Guire

and Flanders. The saturation magnetization can be examined by using high field hysteresis loop technique. When the
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magnetic field is applied to the ferromagnetic material, the  

magnetization may vary from zero to saturation value. This

behavior is expressed by Weiss introducing the idea of existence of domains. By using the molecular weight and

saturation magnetization data of the samples, the magneton number (n B ) was calculated by using the following relation

[14], W S B M M n 5585 × = (3.8)

Chapter-III 73 Where, B n = Magneton number; M W = Molecular weight of the compound, M S = Saturation

magnetization, 5585 is Constant related to molecular weight of nickel. The specific saturation magnetization is computed

by using the following relation; ( ) S S 1 P M d σ = - × × (3.9) Where, S σ = specific saturation magnetization; P = porosity;

d = thickness 3.6.2 Coercivity (Hc) The intensity of the magnetic field which must be applied in order to lower the

magnetization of a ferromagnetic material to zero after the magnetization of the sample has been driven to saturation

Coercivity generally used to determine whether a material is soft or hard. The (Hc) less than 400 Am-1 (5 Oe) indicate that

material is soft magnetic material and Hc with values higher 8000 Am -1 (100 Oe) indicates hard magnetic materials. 3.7

DIELECTRIC PROEPRTEIS LCR-Q meter used to study the frequency dependence dielectric properties of ferrite material.

The dielectric properties are very useful to known the various polarization phenomenon in crystallography of material i.e.

space charge polarization, atomic polarization, electronic polarization and orientation polarization. The different

parameter of sample impedance, resistance, capacitance, inductance, dielectric loss and tangent of ferrite material are

measure by using LCR meter. Fig. 3.7 shows the experimental setup to measure the dielectric properties of the materials in

the present work. The pellets of sample were kept in a removable sample holder. The sample holder has two rods which

move up and down through a spring mechanism and pressure. The pellets are sandwiched between top and bottom

electrodes. Pellet’s top and bottom surface is coated by silver paste to make good ohmic contact

Chapter-III 74 between two electrodes. The two rods were connected to LCR meter through the clip wire system. The

data was collected using a data acquisition system which consists of a computer interfaced with LCR meter. The dielectric

properties of ferrite material in terms of frequency dependence parameters are measures such as dielectric constant and

dielectric loss with the frequency range of 1 kHz to 120 MHz Fig. 3.7: Dielectric measurement set up 3.7.1 Dielectric

Constant It is used to determine the ability of an insulator to store the electrical energy. It
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is  

the ratio of induced capacitance of metallic plates with insulator to the induced  

capacitance of the plates with air or vacuum

medium. Dielectric constant is also depends upon the polarization produced in the sample. The dielectric constant of

ferrite material is determined by using following equation [15]: 0 Cd A ′ε = ε (3.10) Where, ′ε = dielectric constant, C =

capacitance of the material, d = thickness of pellet; A = surface area of pellet; 0 ε = absolute permittivity = 8.854 × 10 -12

F/m.

Chapter-III 75 3.7.2 Dielectric loss and loss tangent The electric energy that is converted into heat energy in dielectric

material when it is subjected to frequency variation is known as dielectric loss. The dielectric loss tangent is also known as

dissipation factor D and is the ratio at any particular frequency between the real and imaginary parts of impedance of the

capacitor. Following are the formulas for dielectric loss and loss tangent given by equations (3.11) and (3.12) respectively
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[15]; 0 2 f σ ′′ε = π⋅ ε (3.11) Where, σ = a.c. conductivity; f = frequency tan ′′ε δ = ′ε (3.12) Where, ′′ ε = dielectric loss, ′ ε =
dielectric constant 3.8 P-E LOOP TRACER Fig. 3.8: Ferroelectric hysteresis loop experimental setup The Automatic P-E

Loop tracer is designed for characterization of materials such as ferroelectrics. The system measures the hysteresis loops

for these materials. For

Chapter-III 76 ferroelectric’s materials polarization is plotted against the electric Field. Measurements are done at line

different frequencies of 20 Hz to 10 KHz nominal in different steps. Fig. 3.8 shows the experimental setup of P-E loop

tracer. The basic P-E test system is based on sawyer tower circuit. The principle is simple when two capacitors are

connected in series and AC voltage is applied on both in series, the charge on both will be same. In order to get complete

saturation the internal capacitance must be higher that the sample capacitance. The thickness of sample used to

measured electronic polarization is less than the 1mm also all the pellet of 10mm diameter so we can determine the area

of sample. The pellets of ferrite or ferroelectric material is coated with silver paste on both the sides and place the pellets

in sample holder and insert in silicon oil it must be moisture free or bubble free to avoid the spark. After all the setup

applies the electric field on sample always starts with lower fields such as 2 kv/cm or 5 kv/cm. Here you can raise/ lower

the field according to the requirement to seek saturation In case of overload decrease the voltage level and press reset

switch and do not raise the voltage level and run the P-E loop software to plot the hysteresis loop of sample. 3.9

MAGNETO-ELECTRIC EFFECT The magnetoelectric effect is the phenomenon it consist suitable combination of two

phases such as ferroelectric material with ferromagnetic material. There are basically two types of material exhibit

magnetoelectric effect namely single phase material and composite material. In single phase material due to the

interaction between the magnetic and ferroelectric sub-lattice ME-effect occur, in other hand composite material shows

ME signal as a product property is essentially due to the interaction between two participating phases. The ME effect is the

phenomenon where a magnetic field (H) produces an electric polarization or electric field produces a magnetization. The

study of ME effect one of the

Chapter-III 77 most popular area in the field of material science and it offers new idea for multifunctional material suitable

for new generation potential application in various areas like magnetic field sensors, transducer, electro-optic devices and

memory devices (RAM and D-RAM). Fig. 3.9: Helmholtz coil experimental setup of ME effect The Helmholtz coil used to

measure the ME coefficient by experimental set-up as shown in Fig. 3.9. The ME voltage coefficient α ME (dE/dH) (direct

magnetoelectric effect, DME) measurement was carried out as follows: a ME composite was kept in a Helmholtz coils. A

charge signal from the surface of the sample can induce by Helmholtz coils which generated AC magnetic field. The

direction of DC bias magnetic field and AC magnetic field was perpendicular to the electrode surface of the sample.

Static, quasi-static, dynamic and pulsed dynamic method is one of the different methods to measure ME effect of

composite sample. To measure the ME coefficient of any sample it is necessary to pole the sample both electrically or

magnetically to achieve the dipole orientation of sub lattice or different constituent phases in composite material to

produce the polarization it shows the voltage output across the sample. In dynamic method the sample is subjected to

the action of superimposed AC electric field in variable of DC

Chapter-III 78 magnetic field which generates at the ends of the material a voltage drop generated across the sample is

nothing but the ME signal is generated. The ME coefficient of sample is calculated by using following formula, α ME = T H

Vout ac × (3.13) where, T - thickness of the sample, V out - ME voltage measured across the samples; and H ac - applied

AC magnetic fields by Helmholtz coil
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Chapter-IV 82 4.1 INTRODUCTION Polycrystalline ferrites show excellent dielectric and magnetic properties and

therefore, they have wide-spread applications in the area of research and technology [1-3]. As these materials used in

various industrial and medical applications such as cores in transformers, magnetic data storage device, rod antennas,

microwave devices, and drug delivery, it is very important to synthesis and characterize the new materials by considering

their utility in particular application [4]. In particular spinel ferrites represented by general formula AB 2 O 4 shows

interesting magnetic and electrical behaviour which originates mainly from the distribution of metal cations over

tetrahedral – A and octahedral B-sites [5]. Co-Cr and Mn-Zn ferrites belongs to the important category of magnetic

ceramics with long-range technological/industrial applications, in devices that in the broadest sense can be characterized
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as transformers, inductors or absorbers [6, 7]. Because of very good magnetic behavior Co-Cr ferrites can be used in

magnetic applications and due to low resistivity Mn-Zn ferrites can be used at low frequencies [8]. Literature survey shows

that several researchers have been investigated the structural, magnetic and electrical properties of Co-Mn-Zn ferrite [9],

zinc ferrite [10], nickel ferrite [11], nickel – BTO [12], BaFe 16 O 27 [13] barium hexaferrite [14] etc. The synthesis approach

greatly affects the crystallite size of the samples which in turn alters the physical and chemical properties. Traditional

synthesis methods involve several stages including multiple grinding and sintering at high temperatures [15]. Ultrafine

particles at nano-scale dimension can be obtained at sufficiently low temperature by wet-chemical methods like co-

precipitation, sol-gel auto-ignition and ultrasonic irradiation assisted sonochemical method. [16]. Magnetoelectric

composites simultaneously possess both ferroelectric and ferromagnetic ordering within a single compound. The

occurrence of multiphase

Chapter-IV 83 behaviour within a single material makes them suitable for next generation multifunctional electronic

device and integrated circuits [17]. These M-E composites consists one phase as AB 2 O 4 ferromagnetic material and

other consists pervoskite oxides. In the present chapter we have reported the XRD, IR and elastic properties of CCFO and

MZFO nanoparticles produced via ultrasonic irradiation assisted sono-chemical method and used as ferromagnetic phase

in next generation M-E composites. 4.2 EXPERIMETNAL Ultrasonic irradiation assisted sono-chemical route was

employed to produce the pure phases of CoCr 0.3 Fe 1.7 O 4 (CCFO) and Mn 0.7 Zn 0.3 Fe 2 O 4 (MZFO) materials. A.R.

72% MATCHING BLOCK 48/88 https://www.researchgate.net/publication/ ...

grade  

(99% purity) Co(NO 3 ) 2 .6H 2 O, Cr(NO 3 ) 3 .9H 2 O, Mn(NO 3 ) 2 .3H 2 O, Zn(NO 3 ) 2 .6H 2 O

and Fe(NO 3 ) 3 .9H 2 O were mixed in sufficient amount of double distilled water. Monohydrate citric acid was used as

chelating agent and liquid ammonia was poured slowly in the mixture to maintain the pH of the solution at 7. The entire

solution exposed to high- intensity ultrasonic irradiation (frequency: 20 kHz and power: 70 W) for 120 min at constant

temperature 90 0. . The powders were finally sintered at 800 0 C for six hours. The final powders were then characterized

by X-ray diffraction technique and Infrared spectroscopy. 4.3 RESULTS AND DISCUSSION X-ray diffraction patterns of

CCFO and MZFO ferrite nano-particles are shown in Fig. 4.1. All Bragg’s lines are sharp and no impurity peaks are

observed. The broadening of these lines shows well crystalline nature of the samples with nano sized dimension. The

peaks are indexed for the planes (220), (311), (222), (400), (422), (333), (440) and (533) which corresponds to the cubic

spinel structure of the samples. Peak intensity of the

Chapter-IV 84 sample CCFO is observed higher than that of the MZFO while peak broadening is higher for MZFO sample.

Fig. 4.1: XRD patterns of (A) CCFO sample and (B) MZFO sample. Lattice constant of both the samples was estimated by

using the relation given below [18]; 2 2 2 hkl a d h k l = + + (4.1) Where, d hkl – is the interplanner spacing and hkl are the

miller indices. Lattice constant for the sample CCFO was observed 8.3730 Å and for MZFO sample it was 8.431Å. Size of

unit cell is closely related to the ionic radii of the constituent elements. Here in the present case, for CCFO crystal, Co

(0.78Å) and Cr (0.64Å) have relatively smaller ionic radii than the Mn (0.89Å) and Zn (0.83Å) which in turn reduces the unit

cell length. X-ray density of the samples was obtained from the relation discussed elsewhere [18]. For the sample CCFO,

X-ray density is obtained 5.401 gm/cc and for the sample MZFO it was 5.318 gm/cc.

Chapter-IV 85 Well known Scherrer equation is used to estimate the average crystallite size of both samples. Peak width

of all the major peaks was considered for the calculation of average crystallite size by using following relation [19]; xrd hkl

B K D Cos λ = β θ (4.2) Where, K is constant (preferably 0.95 for simple crystals), λ = 1.5405 Å, β hkl – is the full width of

half maxima, θ B – Bragg’s angle. For the sample CCFO, average crystallite size was obtained 20.1 nm and for the sample

MZFO it was 15.36 nm. Infrared spectra of both the samples were collected at room temperature in the wavenumber

range 300 cm -1 to 800 cm -1 as shown in Fig. 4.2. Fig. 4.2: IR spectra of CCFO and MZFO samples. The vibration bands

are observed near 420 cm -1 related to the stretching vibration of metal ion and oxygen bond at octahedral – B site and

near 600 cm -1 are related to tetrahedral – B site. The positions of vibration bands confirm the cubic crystal structure of

the samples [20]. Vibration bands shifts for higher frequencies for MZFO sample is may

Chapter-IV 86 be due to the crystallite size and cation distribution [20]. The force constants K T (tetrahedral – A site) and

K O (octahedral – B site) were computed by using the relations discussed in literature [21]. The average force constant (K

av ) was obtained from the average of K T and K O and the values are given in Table 4.1. Table 4.1: Band positions (ν 1 , ν 2 )

and force constants (K T , K O , K av ) for CCFO and MZFO samples. Sample νννν 1 (cm -1 ) νννν 2 (cm -1 ) K T ×××× 10 5

(dynes/cm) K O ×××× 10 5 (dynes/cm) K av ×××× 10 5 (dynes/cm) CCFO 584.45 420.49 239.40 175.32 207.36 MZFO
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611.45 424.35 225.57 153.71 189.64 Elastic parameters like stiffness constant (C 11 ), elastic moduli (B, G and E), Poisson’s

constant (σ) and Debye temperature (θ D ) were calculated by using the molecular weight and force constants of the

samples at tetrahedral – A and octahedral – B sites in the following relations [18]. av 11 K C a = (4.3) ( ) 11 12 1 B C C 3 = +

(4.4) 2 t G V = ρ (4.5) 3B 2G 6B 2G - σ = + (4.6) ( ) E 1 2G = + σ (4.7) The obtained elastic parameters are tabulated in Table

4.2. It can be seen that stiffness constant and all elastic parameters shows lower values for MZFO samples than the CCFO

samples. The stiffness constant (C 11 ), modulus of rigidity (B), bulk modulus

Chapter-IV 87 (G) and Young’s modulus (E) are obtained higher for CCFO sample and lower for MZFO sample. The higher

values of elastic parameters are attributed to the increased ionic bonding between the metal ions. In order to achieve

good elastic behaviour, Poisson’s ratio must lie in the range -1 to 0.5 [22]. In the present case it is constant (0.35) for both

samples. As described by Anderson [23], Debye temperature (θ D ) was calculated by using the following relation; 1 3 A D

m B h 3n N V k 4 M ρ ? ? θ = × ? ? π ? ? (4.8) Where, k – is Boltzmann’s constant and h – is Plank’s constant, N A – is

Avagadro’s number, n – is number of atoms per unit cell (n = 8, for cubic crystals), ρ - is density of the sample, V m – is

the mean wave velocity, and M- is the molecular weight. Calculated values of Debye temperature for both samples are

given in the following Table 2. The Debye temperature is observed higher for MZFO sample which is may be related to the

increasing P-type conduction in the material [24]. Table 4.2: Elastic properties of CCFO and MZFO samples. Sample C 11

(GPa) B (GPa) G (GPa) σσσσ E (GPa) θθθθ D (K) CCFO 247.33 247.33 82.44 0.35 222.60 722.55 MZFO 225.17 225.17 75.06

0.35 202.65 744.74
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Chapter-V 92 5.1 INTRODUCTION Since the last few years, efforts have been taken together to produce the group of

materials consisting two or more ferroic orders such as ferromagnetic, ferroelectric, ferroelastic etc. More than one phase

with different crystallography and chemical compositions forms a composite material in which these phases remains

present without any chemical reaction [1]. Such materials show some superior properties than the individual phases and

behave differently than that of the individual and make them suitable for many technological applications and devices [2-

4]. Magnetoelectric (ME) composites particularly composed by ferromagnetic and ferroelectric phases shows the unique

property as ME effect which cannot be observed in individual phase [5]. Single phase materials are unable to produce the

M-E effect at room temperature. Piezomagnetic and piezoelectric phases produces strong mechanical coupling within

the composite material which magnetize the material after application of electric field, and induced magnetization

provokes the dielectric polarization in piezoelectric phase which is termed as M-E effect [6]. When the M-E composites

placed in a magnetic field they can be electrically polarized and when they are subjected to electric field becomes

magnetized. As seen in the literature, M-E composites have attracted significant attention of the researchers in recent

years due to their extensive use in various technological devices such as waveguides, switches, phase shifters, modulators

etc [7-9]. The condition for the practical use of ME composites is to simultaneous occurrence of piezoelectricity and

magnetic ordering within the same material. Hence a strong mechanical coupling is required at room temperature which

is possible when the composites with BaTiO 3 , PbTiO 3 , SrTiO 3 as a piezoelectric phase and spinel ferrites with general

formula MFe 2 O 4 (A = Co 2+ , Mg 2+ , Zn 2+ , Cu 2+ , Ni 2+ etc.) as a piezomagnetic phase can be synthesized. Such

types of M-E composites have been widely produced and characterized [10-13].

Chapter-V 93 Superior M-E effect can be achieved by combining the suitable ferrite and ferroelectric phases which are

having high piezomagnetic and piezoelectric coefficients. Magnetization and dielectric polarization of piezomagnetic

material is sensitive to the type of constituent ions and their concentration in the composition [14]. Cobalt ferrite which is



32/84

the example of inverse spinels have been extensively used in various technologically important devices like RF phase

shifters, electrical isolators, magnetic core memory, circulators etc. as they possesses low losses of Foucault’s currents

and high curie point [15,16]. Excellent magnetic properties like high saturation magnetization, high coercivity and high

remnant magnetization make cobalt ferrite very popular for the piezomagnetic phase of composite [17-19]. Moreover due

to high magnetostriction observed in cobalt ferrite from its first order positive magnetocrystalline anisotropy makes it a

perfect piezomagnetic partner for ME composite. Previously published literature suggests that partial substituted

chromium ions in cobalt ferrite improve the magnetocrystalline anisotropy [20, 21]. This motivated us to choose the

piezomagnetic phase as CoCr 0.3 - Fe 1.7 O 4 . On the other hand, the second phase (piezoelectric) was taken as BaTiO 3

due to its high value of dielectric constant, large piezoelectricity and electrical resistivity (∼10 9 Ωcm). Grain size and

porous structure of the composites significantly affected the ME effect. Decreasing mean free path of electrons due to the

dilution of piezomagnetic phase decreases the electrical conductivity and increases the magnetoelectric and dielectric

properties of the composites [22]. In order to enhance the dielectric and magnetoelectric properties of M-E composites,

grains with small size are most acceptable [23]. In the present investigation chromium doped cobalt ferrite (CCFO) phase

was synthesized by sonochemical method using ultrasonic irradiation. This method is timesaving and produces high-

purity grains with nanoscale dimension in a simplistic way. Also ultrasonication

Chapter-V 94 based sonochemical method offers superior rate of chemical reaction, lower waste production and lower

energy consumption [24-26]. Thus, the synthesized phases were mixed in the form of (1-x)CoCr 0.3- Fe 1.7 O 4 +(x)BaTiO

3 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) and investigated for their structural, morphological, magnetic, dielectric and

magnetoelectric properties. 5.2 MATERIALS AND METHODS 5.2.1 Synthesis of CCFO phase CCFO phase of CCFO-BTO

composites were obtained individually by ultrasonic irradiation assisted sonochemical sol-gel route. AR grade Co(NO 3 ) 2

.6H 2 O, Cr(NO 3 ) 3 .9H 2 O and Fe(NO 3 ) 3 .9H 2 O with high purity (99%) were taken as starting materials to produce

the piezomagnetic CoCr 0.3 Fe 1.7 O 4 nano particles. All the metal nitrates of constituent elements were diluted in

double distilled water with their weight proportion. In order to get more stable piezomagnetic phase with high purity, pH

of the solution was maintained at neutral by pouring the liquid ammonia in the mixture. The temperature of the entire

solution was increased by exposing it to high-intensity ultrasonic irradiation (frequency: 20 kHz and power: 70 W) for 120

min. During ultrasonication process, due to very large number of collisions, the temperature of the solution was raised 90

°C. The synthesized precursor was washed several times with DI water and finally, the CoCr 0.3 Fe 1.7 O 4 powder was

segregated from the viscous liquid with outside simple magnet and dried at 100 °C for 12 h. 5.2.2 Synthesis of BTO phase

Nanoparticles of BTO phase (BaTiO 3 ) was obtained by employing the sol-gel route. Ethanol was used to dilute titanium

butoxide Ti(OC 4 H 9 ) 4 while acetic acid was used

Chapter-V 95 to dissolve barium acetate (Ba(OOCCH 3 ) 2 ). Both the solutions were separately stirred for one hour and

then mixed together. This mixture was continuously stirred at 100 °C up to the formation of dried powder. Thus, obtained

powder was subjected to grinding and heat treatment at 800 °C for 2 h. 5.2.3 Synthesis of CCFO-BTO composites The

CCFO-BTO M-E composite materials were fabricated by mixing the CCFO and BTO nanopowders with their weight

proportion in percentage of (80%)CCFO+(20%)BTO, (60%)CCFO+(40%)BTO, (40%)CCFO+(60%)BTO and (20%)CCFO+

(80%)BTO respectively. Mixed solid-solutions of M-E composites were thoroughly grinded for 2-3 hours and finally

sintered at 800 °C for 6 h. By using hydraulic press, the composite powders were compressed into pellets with 1.5 to 2.5

mm thicknesses. Flow chart of the synthesis of CCFO-BTO composites is shown in Fig. 5.1. 5.2.4 Characterization

techniques Room temperature X-ray diffraction patterns of all the samples were recorded by using Cu-Kα radiation

(λ=1.5405 × 10 -10 m). XRD patterns were used to identify the individual phase in the composite and to study the

structural parameters. Scanning electron micrographs (SEM, HITACHI S-4800) of all the samples were taken to study the

grain size distribution and surface morphology of the composites. Energy dispersive X-ray spectroscopy (EDX) with color

mapping images was employed to study the elemental analysis. Magnetic parameters such as saturation magnetization,

remnant magnetization, and coercivity were investigated by using vibrating sample magnetometer in the applied

magnetic field up to 20000 Oe at room temperature. Hioki 3532-50 LCR HITESTER was used to understand the dielectric

behaviour of
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frequency in the range 50Hz to 50MHz.

For this, composite powders were converted in the form of right circular cylindrical pellets and placed between two

electric probes. Dynamic method was employed to investigate the magneto-electric coefficient of M-E composites. The

measurements were carried out by superimposing the sinusoidal magnetic field (H AC ) produced by Helmholtz’s coils

with D. C. bias magnetic field (H DC ) produced by electrically poled with applied electric field of 1.5 kv/cm at 200 °C for 1

h. The output ME voltage of the sample was measured as a function of bias magnetic field (H DC ) from 0 Oe to 8000 Oe

in steps of 500 Oe with sinusoidal magnetic field (H AC = 5 Oe, f = 1 kHz). 5.3 RESULTS AND DISCUSSION 5.3.1 XRD

analysis Rietveld refinement of all the samples of (1-x)CoCr 0.3 Fe 1.7 O 4 +(x)BaTiO 3 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0)

composites was done by using the software FullProf suite. Rietveld refined
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X-ray diffraction patterns of all the samples are illustrated in Fig. 5.2 (a)  

which clearly indicating the existence of both piezomagnetic as well as piezoelectric phases in the composites. Well

distinct and intensive peaks indexed by the planes (220), (311), (400), (422), (333), and (440) observed in the XRD patterns

related to piezomagnetic phase. These miller indices are belongs to the cubic spinel structure of the CCFO samples.

According to standard JCPDS data card no. 22-1086, all the peaks indexed for piezomagnetic phase are related to the

Co-Cr ferrites. The typical crystal structure of the cubic spinel CCFO phase is shown in Fig. 5.2 (b). The peaks indexed for

the Miller indices (100), (110), (111), (200), (210) and (211) are related to piezoelectric phase. All these peaks are well

matched with the standard JCPDS card no. 05-0626 confirms the perovskite structure of BaTiO 3 with space group

P4mm [27, 28]. A general crystal structure of pervoskite BTO phase is illustrated in Fig. 5.2(c). It can be seen that, as

Chapter-V 97 the concentration of BTO grains increases in the composite, peak intensity of CCFO phase decreases and

BTO phase increases. A keen observation of XRD patterns indicate that the peak (110) related to BTO phase slightly shifted

towards higher 2θ angles with the increasing percentage of BTO grains in the composite. Whereas the peak (311) related

to CCFO phase slightly shifted towards lower 2θ angles for the composition up to x = 0.4 with the increasing percentage

of BTO grains and thereafter further increase of BTO phase concentration shifted the peak position (311) towards higher

2θ. This change in peak intensity and peak position clearly indicates the variation in lattice parameter of both phases and

crystallite size of the composite. By using the interplanner spacing’s obtained from XRD data and Miller indices in the

following relation, lattice constant (a) of both CCFO and BTO phases were calculated individually. 2 2 2 a d h k l = + + (5.1)

Fig. 5.3 represents the variation of lattice parameters for piezomagnetic CCFO and piezoelectric BTO phase and the

values are given in Table 5.1. It can be seen from of Fig. 5.3 and Table 5.1 that the lattice constant of piezomagnetic phase

increased from 8.373 Å to 8.3774 Å up to x = 0.4 and thereafter decreases to 8.3738 Å for x = 1.0 with the increasing

concentration of BTO phase. Simultaneously, lattice constant of BTO phase decreased from 4.021 Å to 4.005 Å with the

increasing concentration of BTO phase. Other Rietveld parameters such as χ 2 , R EXP , R WP , R P are listed in Table 5.1.

X-ray density ‘d X ’ of CCFO-BTO M-E composites was obtained by using the following relation [29]; x 3 A 8M d N a ? ? = ?

? ? ? (5.2) where, ‘N A ’ is Avogadro’s number and ‘a’ is the lattice parameter and M is the molecular weight of the

composition. Calculated values of X-ray density ‘d x ’ were computed in Table 5.1 and the variation with BTO

concentration is shown in Fig. 5.4. As seen in Table

Chapter-V 98 5.1, increasing piezoelectric (BTO) phase in the composite increases the values of X-ray density ‘d x ’ from

5.401 gm/cc to 6.015 gm/cc. Porosity of the samples in percentage was estimated by using the bulk density values

obtained from simple mass-volume relation and X-ray density in the following equation [29]; ( ) ( ) X B B d d P % 100 d - =

× (5.3) Computed values of percentage porosity were listed in Table 5.1 and its variation with BTO concentration is shown
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in Fig. 5.4. It can be seen that the porosity of the samples decreased from 13% to 8.9% for the samples x ≥ 0.8 and again

increased for x = 1.0 to 9.1%. Crystallite size and grain size directly relates to the porous structure of the sample as porosity

is inversely proportional to crystallite size. Debbye – Scherrer relation was employed to determine the average crystallite

size (t XRD ) of all the samples [30]; XRD 0.9 t cos λ = β θ (5.4) where, 0.9
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is the constant, λ - is the wavelength of incident radiation (X-ray) and β is the  

full-width at half

of the maximum intensity of peak. Calculated values of crystallite size from XRD data are given in Table 5.2 and its

variation is shown in Fig.5.5. It is observed from Table 5.2 that the average crystallite size increased initially from 20.1 nm

(Pure CCFO phase) to 25.6 nm ((40%) CCFO+(60%)BTO) and decreased thereafter to 21.2 nm for pure BTO phase.

Variation in lattice parameter and average crystallite size may be related to the; i) chemical interaction occurred between

the CCFO phase and BTO phase during the synthesis process of M-E composite, and/or ii) strain induced by both CCFO

and BTO phases on each other.

Chapter-V 99 5.3.2 Williamson-Hall analysis The micro-strain induced in individual CCFO and BTO phases was

investigated by using Williamson-Hall equation [31]: 4tan β ε = θ (5.5) Actually, total width of the peak is a combined effect

of peak width due to strain induced in the crystallite and due to crystallite size, D ε β = β +β (5.6) using equations (5.4),

(5.5) and (5.6) 0.9 4 tan Dcos λ β = ε θ+ θ (5.7) Rearranging equation (5.7) we get; 0.9 cos 4 sin D λ β θ = ε θ+ (5.8) Figs. 5.6

(a, b) shows the W-H plots of CCFO and BTO phases respectively. Plots are drawn between 4 sinθ versus β cosθ. Slope of

linearly fitted lines gives the values of strain induced in the crystallites which are given in the inset of Figs. 5.6 (a, b) and are

also given in Table 5.2. Positive values of lattice strains induced in CCFO phases indicting the tensile type of strain. The

increasing BTO concentration in M-E composite initially increases the tensile strain in CCFO phase from 4.68 × 10 -4 to

7.89 × 10 -4 and thereafter further increase of BTO concentration decreases the tensile strain to 1.069 × 10 -4 (x = 0.8).

Simultaneously, the tensile strain in piezoelectric BTO phase reduces from 1.67 × 10 -3 to 2.5 × 10 -4 with the increasing

concentration of BTO grains. This can be explained as increasing concentration of piezomagnetic CCFO phase induces

positive tensile strain on piezoelectric BTO phase. The variation in strain values induced on both CCFO and BTO phase is

in accordance with the variation of lattice parameters of individual phases. In

Chapter-V 100 other words, increasing increase in lattice strain in BTO phase due to increasing percentage of CCFO

grains increases the lattice constant of BTO phase as illustrated in Fig. 5.3. Fig. 5.6 (c and d) illustrates the strain

mechanism observed in CCFO+BTO M-E composites. The lattice constant of CCFO phase is observed twice than that of

BTO phase and hence it was expected to induce comprehensive type strain on CCFO phase by BTO phase and due to

larger lattice parameter CCFO phase was expected to exert tensile type strain on BTO crystallite (Fig. 5.6d). This

expectation becomes true for BTO phase where tensile type of strain is observed for all compositions. In contrast, tensile

strain was also observed for CCFO phase with a higher value of 7.89 × 10 -4 for the composition (60%)CCFO+(40%)BTO.

Majority of CCFO grains surrounds the BTO grains at lower BTO concentrations. Thus, there is a possibility of Ba and Ti

ions to enter in the CCFO spinel lattice, where comparatively higher ionic radii of Ba ions may increase the lattice length

of CCFO phase (Fig. 5.6c). 5.3.3 Scanning electron microscopy Secondary scattered electrons generated scanning

electron micrographs of CCFO- BTO composites are shown in Fig. 5.7. Average grain size of all the samples from SEM

micrographs was evaluated by using the software Image J. Variation of average grain size with BTO composition is

depicted in Fig. 5.5 and the values are given in Table 5.2. From Table 5.2, it can be observed that for the samples x ≥ 0.8,

the average grain size (D) increases from 38 nm to 60 nm and for pure BTO phase it reduces to 54 nm. This variation of

grain size with BTO concentration is analogues with the variation of average crystallite size obtained from the XRD

analysis. The strain induced in CCFO-BTO phases is related to the increase in grain size of the composites. In the present

M-E composites, both CCFO and BTO phases are polycrystalline in nature, where strain energy depends on crystal

Chapter-V 101 orientation and different grain sizes [32]. The CCFO phase may possess strong anisotropy in the elastic

constants, which can set up inhomogeneous elastic strain energy in the composition which would promote abnormal

growth of grain size. Here, CCFO phase experiences tensile strain and this strain released on the expense of increased

grain size. The difference in crystallite sizes of the individual phases of the CCFO-BTO composite and chemical in-

homogeneity of the composition may affect the grain size of the composite [33]. The distribution of individual phases

within the composite also plays an important role in grain growth. The stoichiometric elemental analysis of the composite

was done by using EDAX spectra for the selected samples (100%)CCFO and (40%)CCFO +(60%)BTO. EDAX spectra of
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both (100%)CCFO and (40%)CCFO+(60%)BTO are shown in Fig. 5.8. Color mapping images of same samples were taken

and are shown in Fig. 5.9 (a, b) respectively. Color mapping images confirms that the elements are uniformly distributed in

the samples. EDAX spectra reveal that all the constituent elements in the composition are observed with their

stoichiometric proportion and no loss of any constituent element is observed. The observed percentage of the elements

from the analysis of EDAX spectra are given in Table 5.3 which are found in good agreement with their weight percentage

in the composition. 5.3.4 Fourier transforms infrared spectroscopy Fig. 5.10 (a) represents the FTIR spectra of CCFO-BTO

M-E composites recorded in the wavenumber range of 400 to 4000 cm -1 and Fig. 5.10 (b) shows the expanded view of

FTIR spectra at lower frequency range. Absorption band appeared near wavenumber 870 cm -1 may be related to the

pervoskite tetragonal structure of the BTO phase [34]. Absorption bands observed in the wavenumber region 1100-1300

cm -1 are attributed to the stretching vibrations of 3 NO - ions and absorption bands in the range 1400-1700 cm -1

Chapter-V 102 are related to the carboxyl group (COO - ). Vibrations at 2400 cm -1 are related to C–O group and

absorption band near 3400 cm -1 is corresponding to hydrogen bonded O-H groups [35]. Absorption bands observed

around the wavenumber 425 cm -1 and 570-600 cm -1 as seen in expanded view (Fig. 5.10 (b)) are represents the

bending vibrations of metal ions at octahedral – B and tetrahedral – A sites respectively, which is a characteristic feature

of spinel ferrites. 5.3.5 Magnetic properties Fig. 5.11 depicts the magnetic hysteresis loops of CCFO-BTO M-E composites

with the increasing percentage of BTO concentration. High coercive field and well saturated magnetization is observed in

the hysteresis loops. By using these hysteresis curves,
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values of saturation magnetization (Ms), remnant magnetization (Mr) and  

coercivity (Hc) were

obtained. Fig. 5.12(a) represents the variation of saturation magnetization, remnant magnetization and coercivity with the

varying weight percentage of CCFO and BTO phases and the observed values are given in Table 5.4. It can be observed

that the saturation magnetization and other parameters decreases with the increasing concentration of BTO phase in the

composite because magnetic properties are only the characteristics of piezomagnetic-CCFO phase. Saturation

magnetization gradually decreases from 45.53 (x = 0.0) to 2.371 emu/g (x = 0.8) with the increasing percentage of BTO

phase. It can also be seen that the increasing BTO phase in CCFO-BTO composites reduces the remnant magnetization

from 21.8 (x = 0.0) to 2.371 emu/g (x = 0.8). The reducing behaviour of Ms and Mr may be related to the decreasing

percentage of ferromagnetic grains with the substitution of BTO grains in the composites. This type of magnetic behavior

has also been observed in the literature reports [2, 9, 13, 36]. Surprisingly, coercive field increased initially from 637 Oe to

668 Oe for the samples x ≥

Chapter-V 103 0.4 and reduced thereafter with further increase in BTO concentration. Such type of variation in coercivity

is may be related to the i) size of the crystallite and/or grains, and ii) lattice strain induced in the crystal lattice. Random

anisotropy model can be employed to interpret the relation between coercivity and grain size [37]: 4 6 u ex 3 u ex u K D

..........................D L (a) A Ms K Hc ..........................D L (b) Ms AK 1 ..........................D (c) Ms D ? ρ× × > ? ? ? = ρ× ≅ ? ? ? ρ× × < δ ?

? (5.9) Where ρ is a dimensionless factor related to the crystal lattice, L ex is the magnetic exchange length, δ is the

domain wall width, A is the exchange stiffness constant and Ku is the magnetocrystalline anisotropy constant. For D > L ex

, the coercivity arising from grain boundaries is inversely proportional to the grain size. When the grain size is smaller than

the magnetic exchange length, L ex = (A/K 1 ) 1/2 , then Hc follows a D 6 power law [38] (eq. 5.9a). Hc is independent of D

for D ≅ L ex (eq. 5.9b). If D < δ, the coercivity follow the grain size as ∼ D -1 (eq. 5.9c), this is consistent with our

experimental data. The increase in coercivity is result of increase of anisotropy energy with increase of crystallite size [39,

40]. Reports are available in the literature which shows that lattice strain also affects the variation in coercivity in ferrite

materials [41-43]. It is observed that the tensile strain experienced by CCFO phase gradually increased with increase in

BTO concentration which results in the increase in coercivity up to certain limit. 5.3.6 P-E loop measurements Variation in

polarization (P) with electric field (E) (P-E hysteresis loop) measurement was taken for the investigation the room

temperature ferroelectric properties of (1-x)CoCr 0.3 Fe 1.7 O 4 +(x)BaTiO 3 composites and is shown in Fig. 5.13. Pure

Chapter-V 104 piezoelectric phase (x = 1) exhibit the typical P-E hysteresis loop which confirms the ferroelectricity in the

sample, but the P-E loop was not saturated. P-E loop of CCFO phase is very absorbent and not showing any ferroelectric

characteristics. Maximum polarization (P max ) and remnant polarization (P r ) of M-E composites increased with the

addition of BTO grains in CCFO-BTO composites which may be related to the electro- mechanical coupling, polarization
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effect and lattice strain [44]. The higher order of CCFO phase dilutes the ferroelectric properties of composites. 5.3.7

Dielectric measurements Dielectric measurements of all the samples of CCFO-BTO composites
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were taken  

as a function of applied frequency in the range 50Hz to 50MHz.

The dielectric dispersion is observed in the dielectric plots. This dispersion may be occurs due to the Maxwell- Wagner

type interfacial polarization which is also in good agreement with the Koop’s phenomenological theory [45-47]. Variation

in dielectric constant (ε′) with applied frequency is shown in Fig. 5.14. Dielectric constant attends maximum value at lower

frequency region and decreased rapidly with increase in frequency and almost remains constant at higher frequency

region. Higher dielectric constant is observed in pure piezoelectric-BTO phase in contrast to the pure piezomagnetic-

CCFO phase. This is closely related to the electrical conductivity of BTO and CCFO phases, where BTO phase possess

relatively higher resistivity (∼10 9 Ω.m) as compared to CCFO phase (∼10 7 Ω.m). The observed maximum values of

dielectric constant for CCFO-BTO composites are given in Table 5.5. The heterogeneous nature of CCFO-BTO phases at

the interface could increase the space charge polarization, where space charges provided by the piezomagnetic-CCFO

phase may stimulate at the CCFO and BTO interface due to the difference in permittivity’s and resistivity’s [48,49]. This

may lead to increase in the space

Chapter-V 105 charge polarization with the applied electric field. Hence, as compared to the average dielectric constant

of BTO and CCFO phase, higher dielectric constant was observed in composite materials. Strong strain coupling in BaTiO

3 -based ferroelectrics is also acknowledged to direct the enhancement in the ferroelectric polarization [50, 51]. Thus,

increase in dielectric constant and polarization could also be related to the strain induced CCFO and BTO in particular

[52]. Further, under comprehensive strain polar metal phase can be stabilized in BTO phase [53]. The frequency dependent

dielectric loss tangent (tanδ) is shown in Fig. 5.15. Variation of loss tangent as a function of frequency is analogues with

the variation of dielectric constant. Pure BTO shows the lowest dielectric loss among all the investigated composite

samples, whereas CCFO show the highest dielectric loss. The difference in dielectric loss between BTO and CCFO is may

be related to the leakage current and electrical conductivity. In contrast to CCFO phase, BTO has least leakage current

and lower electrical conductivity. The maxima observed in the tanδ plots can be explained by using the relation: ωτ = 1

(5.10) where τ is the relaxation time and ω = 2πf max . Here, τ and the jumping probability per unit time are expressed as: 1

2p τ = (5.11) Therefore the frequency of ac electric field; f max ∝ p when the hopping frequency of electrons between Fe

2+ ↔Fe 3+ ions became same. Maxima in the tanδ plots are only observed for the CCFO content and is absent in BTO

content due its higher resistivity.

Chapter-V 106 5.3.8 Magneto-electric measurements Dynamic method was employed to estimate the magnetoelectric

coefficient, α ME , of the CCFO-BBTO composite samples by using the following relation [49]: ME AC V H d α = (5.12)

where H AC , V and d are the amplitude of sinusoidal magnetic field, voltage generated due to magnetoelectric effect and

thickness of the specimen, respectively. Superimposed dc and ac magnetic fields give resultant field by the relation given

below [49]: H = H DC + H AC sin ωt, (5.13) Frequency, f (ω = 2πf), adjusted by a lock-in amplifier measure the output M-E

voltage [53]: * 0 0 0 0 ( ) ( ) V H h H h α β α ∝ + = ⋅ (5.14) where β and α are quadratic and linear coefficient of ME

coupling, respectively and α*(H o ) is pseudo-linear coefficient. The obtained higher values of α ME for the composite

samples with dc magnetic field are given in Table 5.5 and its variation is shown in Fig. 5.16. It can be seen that, α ME

increased initially from 15.1 mV/Cm-Oe (x = 0.2) with the increase in H DC and attained a maxima at 24.7 mV/Cm-Oe (x =

0.6). Further increase in H DC decrease the value of α ME . This behavior of α ME is associated with the magnetostrictive

property of piezomagnetic-CCFO phase. Magnetostriction of CCFO phase increased and attained saturation with the

increase in dc magnetic field [55]. Magnetization in piezomagnetic-CCFO is controlled by the magnetic domain and

domain size which can be influenced by the strain type of piezomagnetic-CCFO. Thus, tensile- strained CCFO may

require a higher H DC to reach the saturation. The external applied magnetic field transmits the strain induced in

piezomagnetic-CCFO phase to piezoelectric BTO phase. This may generate the electric field in the piezoelectric BTO

phase that

Chapter-V 107 produces ME voltage in the composite. The ME voltage generated in the ME composite is totally

dependent on external magnetic field. Among all the compositions, the sample (40%)CCFO+(60%)BTO possess higher ME

voltage coefficient α ME = 24.7 mV/cm⋅Oe for the applied dc magnetic field of 1500 Oe. Comparable value of ME

coefficient (α ME = 24.1 mV/cm⋅Oe) is observed for the composition (60%)CCFO+(40%)BTO. Values of ME coupling
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coefficient α ME are given in Table 5.5. The lower value of α ME is observed for higher piezomagnetic-CCFO composition

since it possess higher conductivity and leakage current compared to piezoelectric-BTO phase.
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Chapter-V 115 Fig. 5.1: Flow chart of CCFO-BTO composite synthesis.

Chapter-V 116 Fig.5.2: (a) Rietveld refined XRD patterns of CCFO+BTO composites, (b) crystal structure of CCFO cubic

spinel ferrite and (c) crystal structure of pervoskite BTO.

Chapter-V 117 Fig. 5.3: Variation in lattice constants of piezomagnetic and piezoelectric phases. Here, (A) CCFO, (B)

(80%)CCFO + (20%)BTO, (C) (60%)CCFO + (40%)BTO, (D) (40%)CCFO + (60%)BTO, (E) (20%)CCFO + (80%)BTO and (F)

BTO.

Chapter-V 118 Fig. 5.4: Variation of X-ray density (d x ) and percentage porosity (P) with composition ‘x’ for CCFO+BTO

composites.

Chapter-V 119 Fig. 5.5: Variation in crystallite size t XRD obtained from XRD and grain size D obtained from SEM. Here, (A)

CCFO, (B) (80%)CCFO + (20%)BTO, (C) (60%)CCFO + (40%)BTO, (D) (40%)CCFO + (60%)BTO, (E) (20%)CCFO + (80%)BTO

and (F) BTO.

Chapter-V 120 Fig. 5.6: W-H plots of (a) piezomagnetic-CCFO phase and (b) piezoelectric – BTO phase in (x)CoCr 0.3 Fe

1.7 O 4 + (1-x)BaTiO 3 composites, (c)pervoskite BTO structure embedded in cubic spinel lattice, and (d) strain mechanism

in cubic spinel CCFO and pervoskite BTO structures.

Chapter-V 121 Fig. 5.7: SEM micrographs of (x)CoCr 0.3 Fe 1.7 O 4 +(1-x)BaTiO 3 where (a) CCFO (b) (80%)CCFO +

(20%)BTO (c) (60%)CCFO + (40%)BTO (d) (40%)CCFO + (60%)BTO, (e) (20%)CCFO + (80%)BTO and (f) BTO

Chapter-V 122 Fig. 5.8: EDAX patterns of (1-x) CoCr 0.3 Fe 1.7 O 4 + (x) BaTiO 3 (x = 0.0, and 0.4)

Chapter-V 123 Fig. 5.9(a): Color mapping of (1-x) CoCr 0.3 Fe 1.7 O 4 + (x) BaTiO 3 ( x = 0.0)

Chapter-V 124 Fig. 5.9(b): Color mapping of (1-x) CoCr 0.3 Fe 1.7 O 4 + (x) BaTiO 3 ( x = 0.4)

Chapter-V 125 Fig.5.10: (a) FTIR spectra of (x)CoCr 0.3 Fe 1.7 O 4 +(1-x)BaTiO 3 where, (a) (80%)CCFO + (20%)BTO (b)

(60%)CCFO + (40%)BTO (c) (40%)CCFO + (60%)BTO and (d) (20%)CCFO + (80%)BTO. (b) Expanded view of low
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wavelength region FTIR spectra.

Chapter-V 126 Fig.5.11: Variation magnetization (M) with applied magnetic field (H).

Chapter-V 127 Fig. 5.12: (a) Variation in saturation magnetization (Ms), remnant magnetization (Mr), coercivity (Hc) with

composition and (b) shows the expanded view of M-H loops at lower magnetic field.

Chapter-V 128 Fig. 5.13: Variation in polarization (P) with applied electric field (E) measured at a frequency of 10 Hz for (1-

x)CoCr 0.3 Fe 1.7 O 4 +(x)BaTiO 3 composites

Chapter-V 129 Fig. 5.14: Variation of dielectric constant (ε’) with frequency for (1-x) CoCr 0.3 Fe 1.7 O 4 + (x) BaTiO 3

Chapter-V 130 Fig. 5.15: Variation of dielectric loss tangent (tan δ) with frequnecy for (1-x) CoCr 0.3 Fe 1.7 O 4 + (x) BaTiO

3

Chapter-V 131 Fig. 5.16: Variation of magnetoelectric coupling coefficient (α ME ) with applied magnetic field of (x)CoCr

0.3 Fe 1.7 O 4 +(1-x)BaTiO 3 composites

Chapter-V 132 Table 5.1: Rietveld parameters, lattice constant (a), X-ray density (d x ) and porosity (P) for CCFO-BTO

composites. ‘x’ Rietveld Parameters Lattice Constant ‘a’ (Å) d x (gm/cc) P (%) χχχχ 2 R EXP (%) R WP (%) R P (%) Ferrite

Phase Ferroelectric Phase 0.0 1.12 0.823 0.901 0.591 8.3730 --- 5.401 13.0 0.2 1.09 1.008 1.057 0.665 8.3749 4.021 5.521

12.3 0.4 1.21 1.194 1.374 0.903 8.3774 4.015 5.634 11.7 0.6 1.13 1.509 1.603 1.153 8.3746 4.009 5.766 10.4 0.8 1.44 1.842

2.213 1.653 8.3738 4.006 5.893 8.9 1.0 1.93 2.520 3.500 2.420 --- 4.005 6.015 9.1

Chapter-V 133 Table 5.2: Crystallite size (t) and lattice strain induced in CCFO-BTO composites. Comp. ‘x’ Crystallite Size

‘t’ (nm) Lattice strain (εεεε) XRD SEM CCFO BTO 100%(CCFO) 20.1 38 --- --- 80%(CCFO)+20%(BTO) 21.4 42 4.68×10 -4

1.67×10 -3 60%(CCFO)+40%(BTO) 23.2 46 7.89×10 -4 1.12×10 -3 40%(CCFO)+60%(BTO) 25.6 55 6.24×10 -4 6.09×10 -4

20%(CCFO)+80%(BTO) 24.7 60 1.069×10 -4 2.5×10 -4 100%(BTO) 21.2 54 --- ---

Chapter-V 134 Table 5.3: Observed elemental composition in atomic weight % of constituent ions observed from EDAX

patterns for (1-x) CoCr 0.3 Fe 1.7 O 4 + (x) BaTiO 3. Composition Elemental composition in atomic weight (%) Co Cr Fe O

Ba Ti 100%(CCFO) 28.59 4.74 38.56 28.12 --- ---- 60%(CCFO)+40%(BTO) 16.00 2.53 27.21 22.06 20.02 12.18

Chapter-V 135

Table 5.4:
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Saturation magnetization (M S ), Remnant magnetization (M r ), coercivity (H C )  

and remnant ratio (M r /M S ) of (1-x) CoCr 0.3 Fe 1.7 O 4 + (x) BaTiO 3. Comp. ‘x’ ‘

73% MATCHING BLOCK 72/88 http://prr.hec.gov.pk/jspui/bitstream/123 ...

M S ’  

(emu/gm)  

‘M r ’  

(emu/gm)  

(M r /M S )  

‘H C ’  

(Oe)  

100%(

CCFO) 45.53 21.8 0.479 637 80%(CCFO)+20%(BTO) 25.84 12.02 0.465 641 60%(CCFO)+40%(BTO) 16.727 7.7 0.460 668

40%(CCFO)+60%(BTO) 7.8 3.25 0.417 635 20%(CCFO)+80%(BTO) 2.371 1.12 0.472 631

Chapter-V 136 Table 5.5: Dielectric constant (ε’) and Magnetoelectric Conversion factor (dE/dH) of (1-x) CoCr 0.3 Fe 1.7 O

4 + (x) BaTiO 3. Composition Dielectric Constant (ἑ) Magnetoelectric Conversion factor [dE/dH] H (mV/Cm-Oe) 100%
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(CCFO) 208.2 --- 80%(CCFO)+20%(BTO) 527.1 15.1 60%(CCFO)+40%(BTO) 923.4 24.1 40%(CCFO)+60%(BTO) 1011.5 24.7

20%(CCFO)+80%(BTO) 1019.12 22 100%( BTO) 1289.25 ---
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Chapter-VI 138 6.1 INTRODUCTION Now days, the term multiferroic composites covers the materials which

simultaneously possesses any type of ferromagnetic, ferroelectric and/or ferroelastic properties [1]. Composites

particularly consisting piezomagnetic and piezoelectric phases are known as magnetoelectric composites in which the

ME effect is predominant. Single phase materials have several drawbacks to show the ME effect at room temperature and

hence can be observed only in composite structure and absent in the constituent phases [2]. Magnetoelectric effect is a

combine property of material in which dielectric polarization occurs in piezoelectric material due to the application dc/ac

magnetic field and magnetization occurs in piezomagnetic material due to presence of dc/ac electric field due to the

interaction between the magnetic and electric dipole [3-6]. In the present era ME composites have attracted much more

attention because of their unique properties and wide applications in multifunctional devices viz. sensors, isolators, phase

shifters, modulators, wave guides, transducers, etc. [7-11]. High ME effect in magnetoelectric composites can be attained

by using the proper piezomagnetic and piezoelectric phases and their weight proportion in the composite. The

mechanical coupling formed between piezoelectric-piezomagnetic phases produces the ME effect in the composites

[12-13]. When ME-composite is placed in the external magnetic field, strain is developed in piezomagnetic phase due to

magnetostriction phenomena which in turn induces the stress in piezoelectric material and as a result due to

electrostriction phenomena an electric polarization is induced in piezoelectric phase [14]. It is very important to select the

piezomagnetic and piezoelectric phases in order to produce the ME composite with enhanced magnetoelectric and

dielectric properties. Numerous papers have been published on ME composited by changing the ferrite and ferroelectric

phases and their concentrations in the composites [15-19]. Ferrites with spinel

Chapter-VI 139 structure are known for their high magnetic permeability and high resistivity having widespread

applications in high frequency range [20]. Properties of ferrites can be modified by choosing the appropriate dopant and

by changing the synthesis routs and sintering conditions [21-23]. BaTiO 3 , PbTiO 3 and SrTiO 3 are most commonly used

piezoelectric phases for the preparation of ME composites. In the present investigation we have prepared the series of ME

composite consisting Mn 0.7 Zn 0.3 Fe 2 O 4 (MZFO) as piezomagnetic phase and BaTiO 3 (BTO) as piezoelectric phase.

Composites were obtained by mixing the MZFO and BTO phases with their weight proportion in the series (1-x) Mn 0.7 Zn

0.3 Fe 2 O 4 + (x) BaTiO 3 (x = 0.0, 0.25, 0.50, 0.75 and 1.0).

100% MATCHING BLOCK 73/88 http://prr.hec.gov.pk/jspui/bitstream/123 ...

X-ray diffraction,  

scanning electron microscopy, energy dispersive X-ray

analysis, infrared spectra, vibrating sample magnetometer, ME effect measurement technique and two-probe technique

were employed to study the structural, magnetic and dielectric behaviour of MZFO-BTO composites. 6.2 MATERIALS AND

METHODS 6.2.1 Synthesis of MZFO MZFO (Mn 0.7 Zn 0.3 Fe 2 O 4 ) nanoparticles were produced by using the sol-gel

auto- combustion technique. AR grade metal nitrates of the constituent elements were taken with their stoichiometric

proportion in the composition and mixed thoroughly in 100ml distilled water. Anhydrous citric acid was used as chelating

agent. pH=7 of the solution was maintained by adding the liquid ammonia drop wise. The whole mixture was subjected to

hot plate with magnetic stirrer for continuous stirring at constant temperature 90 0 C. After couple of hours the mixture is

converted into viscous sol and within few minutes becomes dried gel. The dried gel was suddenly burnt by self ignition

process and an ash was obtained. The burnt ash was then pre-sintered at 600 0 C for 4 hours.

Chapter-VI 140 6.2.2 Synthesis of BTO BTO phase of the ME composite was also obtained by using sol-gel technique.

Titanium butoxide Ti(OC 4 H 9 ) 4 and barium acetate Ba(OOCCH 3 ) 2 were used as starting materials and dissolved

separately in ethanol and acetic acid separately. The mixtures were stirred individually for 1 hour and then mixed together.

The mixture is then subjected for continuous stirring at 100 0 C. Nearly after 2 hours, the mixture is converted into dried



43/84

powder. Finally the powder was pre-sintered at 800 0 C for 4 hours. 6.2.3 Synthesis of MZFO-BTO Standard ceramic

route is employed to obtain the MZFO-BTO composites. Individual phases MZFO and BTO were mixed with their weight

proportion in the composites and grounded for 2.5 hours in order to obtain the homogeneous mixture. The grounded

mixtures were finally sintered at 800 0 C for 4 hours and again grinded to obtain the fine particles of MZFO-BTO

composites. Fig. 6.1 represents the flow chart of synthesis steps involved in the fabrication of MZFO-BTO composites.

6.2.4 Characterization techniques Crystallographic structure of the ME composites and identification of constituent

phases was done by using room temperature X-ray diffraction technique. All the XRD patterns were recorded on powder

X-ray diffractometer (Rigaku, Ultima - IV) by using Cu-K α radiation (λ=1.5406 × 10 -10 m). The scanning rate was

maintained at 2 0 per minute in the 2θ range of 20 0 to 80 0 . Backscattered electron images produced by scanning

electron microscope (FE-SEM; HITACHI S-4800) were used to study the surface morphology of the samples and to

estimate the average grain size of the composites. Energy dispersive X-ray analysis technique was employed to obtain the

elemental

Chapter-VI 141 percentage in the composition. Fourier transform infrared spectra of all
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the samples were  

recorded in the wave number range of 300cm -1

to 4000cm -1 at room temperature on the infrared spectrometer (Model 783, Perkin Elmer). Powder samples were mixed

with KBr in the ratio 1:250 by weight. The mixture was then pressed with the help of hydraulic press in a cylindrical die to

obtain disc shaped samples of about 1 mm thickness. By varying the magnetic field from 0 Oe to 20000 Oe in vibrating

sample magnetometer, hysteresis loops of all the samples were traced at room temperature. Disc shaped samples were

used to obtain the dielectric data by using two-probe technique. A silver paste is applied on both circular faces of the disc

in order to get the good ohmic contact with electrodes of the LCR – Q meter. As a function of applied frequency, all the

dielectric measurements were taken out on a Hioki 3532-50 LCR HITESTER in the frequency range 50Hz to 50MHz. The

ME coefficient of composite material (at Hac = 5Oe, voltage 1.4 V and f = 999Hz) measurement was carried out with DC

magnetic field in the range of (0 – 8000 Oe.) with interval of 500 Oe. All the samples are poled at 5 kV/cm before the ME

analysis. 6.3 RESULTS AND DISCUSSION 6.3.1 XRD analysis Fig. 6.2 shows the room temperature X-ray diffraction patterns

of the samples of (1-x) Mn 0.7 Zn 0.3 Fe 2 O 4 +(x) BaTiO 3 (x = 0.0, 0.25, 0.50, 0.75 and 1.0) recorded in the 2θ range of

20 0 to 80 0 by using Cu-K α radiations (λ=1.5406 × 10 -10 m). All the diffraction peaks observed in the XRD patterns are

well indexed by their constituent phases. Sharpness and well-broadening Bragg’s lines confirms the nano-crystallinity of

the samples. Bragg’s lines observed for piezomagnetic phase (MZFO) are indexed by the planes (220), (311), (222), (400),

(422), (440) belongs to the cubic spinel structure and well matched to the international database (ICCD No. 01-074-2401,

Space group-Fd-3 m).

Chapter-VI 142 It is observed that peaks referred to MZFO phase shifted slightly towards the higher 2θ angles and peak

intensity decreased with the increasing percentage of BTO phase in the composite which in turn decreases the lattice

parameter. Similarly, for the piezoelectric phase, reflections are observed for the planes (100), (110), (111), (200), (210),

(211), (220), (300) and (310) which confirms the pervoskite structure of BTO (ICDD No. 01- 078-2738, Space group – P 4

m m). As seen in the XRD patterns, absence of undesired and un-indexed peaks confirms the successful formation pure

bi-phase composition of each sample. Individually calculated lattice parameters of both piezomagnetic and piezoelectric

phases by using the relation discussed elsewhere [24] shows decreasing trend with the dilution of MZFO concentration

(Fig. 6.3). The lattice constant of piezomagnetic MZFO phase 8.431 Å to 8.413 Å with the addition of BTO phase in the

composite. While as the lattice parameter of BTO phase reduce from 4.021 Å to 4.005 Å and the computed values are

listed in Table 6.1. This small decrement in lattice lengths of both phases may be related to the stress developed within the

composite material due to the strain induced by distinct phases on each other and the chemical interaction occurred

within the distinct phases during synthesis [23, 25]. X-ray density of all the samples of MZFO-BTO composites was

estimated by using the molecular weight and cell volume in the equation discussed elsewhere [26]. The computed values

of X-ray density as a function of BTO concentration are given in Table 6.1 and its variation is illustrated in Fig. 6.4. It can be

seen that X-ray density increases from 5.318 gm/cc to 6.027 gm/cc with the addition of BTO phase in MZFO phase. The

porosity observed in the samples was estimated by using following relation [26]; ( ) ( ) X B B d d P % 100 d - = × (6.1)

Chapter-VI 143 Fig. 6.4 illustrates the variation of percentage porosity with the increasing concentration of BTO phase in

the composite and the computed values are listed in Table 6.1. Porous structure of the sample is directly related to the
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size of crystallites in the inverse proportion and hence decreases from 28.80% to 20.25% with the increasing percentage

of BTO phase in the composite. Average size of MZFO-BTO crystallites was determined by taking the peak broadenings

(FWHM) and Bragg’s positions (θ) in the well-known Debye Scherrer relation [27] given bellow: avg. FWHM B 0.9 t cos λ =

β θ (6.2) Average crystallite size (t avg. ) obtained from XRD analysis for all the compositions of MZFO-BTO varies from

15.36 nm to 21.94 nm (Table 6.1) and the variation is shown in Fig. 6.5. 6.3.2 W-H analysis The lattice distortion and

imperfection in crystal induces an internal strain which may causes the XRD line broadening [28]. The strain developed in

the crystal lattice due to defects and distortion can be given by [29]; hkl 4tan β ? ? ∈= ? ? θ ? ? (6.3) In addition to the

crystallite size, induced strain modifies the Scherrer equation by summing and rearranging the equations (6.2) and (6.3),

we get; hkl 0.9 Cos 4 Sin t λ ? ? β θ = + ∈ θ ? ? ? ? (6.4) Equation (6.4) is well – known Williamson – Hall equation in which

an assumption was made that the all crystallographic planes experiences uniform micro-

Chapter-VI 144 strain. The strain induced within the crystal lattice was obtained from slope of the linearly fitted graph

plotted between hkl Cos β θ and 4Sinθ. Fig. 6.6 represents the W-H plots of individual piezomagnetic (left panel) and

piezoelectric (right panel) phases of MZFO- BTO composites for which all intensive peaks were considered. The lattice

strain observed for MZFO phase shows negative values and ranges from -2.01 × 10 -4 to -8.36 × 10 -6 which indicating

that piezomagnetic phase experiences a comprehensive type strain which gradually increases with increasing percentage

of BTO in the composite. While as, BTO phase experience positive (tensile type) strain which reduces from 9.30×10 -4 to

5.40×10 -4 with the decreasing percentage of MZFO in the composite [30]. Induced strain in both MZFO and BTO phases

is in accordance with the decreasing behaviour of lattice parameter. 6.3.3 Scanning electron microscopy SEM images and

grain size distribution histograms of Mn 0.7 Zn 0.3 Fe 2 O 4 +(x) BaTiO 3 for the samples x = 0.0, 0.25, 0.50, and 0.75 are

presented in Fig. 6.7. Average grain size was estimated by taking into account the linear dimensions of several grains and

by using the software Image Scanning electron micrographs indicates that the agglomeration of smaller particles have

been formed and hence the grain size varies. The average grain size obtained from histograms is found in the range

36.066 nm 54 nm and the variation is shown in Fig. 6.5 which is in consistent with the variation of average crystallite sizes

obtained from XRD analysis. The chemical homogeneity of the sample and different crystallite sizes of the individual

phases may affects the distribution of grain size and hence asymmetric grains are observed in the SEM images [31].

Chapter-VI 145 6.3.4 Elemental analysis In order to confirm the stoichiometric proportion of constituents in MZFO-BTO

composites, EDAX spectra of typical samples (100%)MZFO and (25%)MZFO + (75%)BTO were collected and are shown in

Fig. 6.8 and also, the color mapping images of same compositions are shown in Fig. 6.9 (a and b). Analysis of EDAX

spectra and color mapping images confirms that, all the constituent elements are present in the compositions and their

percentage observed from EDAX spectra is analogues with the stoichiometric proportion in the composites. The observed

weight percentage of constituent elements is given in Table 6.2. 6.3.5 Fourier Transform Infrared spectra Fig. 6.10

represents the FTIR spectra of MZFO-BTO composites recorded in the wavenumber range of 400 cm -1 to 4000 cm -1 .

Five strong absorption peaks were observed for all the samples out of them two between 400 cm -1 to 700 cm -1 , and

other three at around 1400 cm -1 , 2275 cm -1 and 3400 cm -1 respectively. The two fundamental bands observed within

the range 400 cm -1 to 700 cm -1 are attributed to the stretching vibrations of metal ions and oxygen ions at tetrahedral

– A and octahedral – B sites [32]. The absorption bands observed around 1400 cm -1 are related to the vibrations of 3 NO

- ions and COO - (Carboxyl group), the absorption bands around 2275 cm -1 are related to the vibrations of C-O group

and the absorption bands observed around 3400 cm -1 are related to the O-H groups [33]. 6.3.6 Magnetic properties

Magnetic hysteresis loops of MZFO-BTO composites were recorded at room temperature as a function of applied field H

and are illustrated in Fig. 6.11. Well saturated

Chapter-VI 146 magnetic ordering at room temperature in all samples (except pure BTO) is observed exhibiting the typical

behaviour of ferromagnetic material. The observed hysteresis curves are basically representing ferromagnetic phase in the

composite. As the MZFO concentration in composites decreases,

100% MATCHING BLOCK 75/88 https://www.researchgate.net/publication/ ...

the saturation magnetization decreases from 33.12  

emu/gm to 4.54 emu/gm

and found zero for pure BTO phase. The variation
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of saturation  

magnetization (M S ), remnant magnetization (M R ) and coercivity (H C )

is illustrated in Fig. 6.12. The lesser values of M S in composites than the pure MZFO are due to the increasing voids

among the grains breaking the magnetic ordering between the grains which in result decreases the magnetic parameters

[34]. The decreasing MZFO grains in the composites also decreases the magnetic parameters of the composite with

increase in BTO phase. The remnant magnetization (M R ) decreases from 10.58 emu/gm to 0.49 emu/gm and coercivity

decreases from 565 Oe to 23 Oe for the composite materials with the increasing percentage of nonmagnetic BTO grains

(Table 6.3). The increase in average grain size with the increasing concentration of nonmagnetic piezoelectric phase

dilutes the net magnetization and hence the magnetic moment [34]. 6.3.7 Dielectric measurements Frequency dependent

variation of dielectric constant and dielectric loss measured at room temperature for all the samples of MZFO-BTO

composites are shown in Fig. 6.13 and 6.14 respectively. The combine effect of electronic, ionic, dipolar and interfacial

polarization gives the dielectric constant of a material. Due to charge transport relaxation, dielectric constant varies with

applied frequency. The decrease in ionic polarization is expected and hence the dielectric constant is also decreases. It is

observed that the dielectric constant of all the samples rapidly decreases at low frequency region indicating the usual

dielectric dispersion. At high frequency region both dielectric constant and

Chapter-VI 147 dielectric loss shows almost linear trend. Such type of dielectric dispersion can be explained by using

Maxwell-Wagner theory of interfacial polarization [35]. In case of composite materials, when two distinct phases with

different conductivities connected with each other then uncompensated charges increases at the interface which in turn

produces the interfacial polarization. The decrease in polarization at higher frequency region is independent to the

externally applied field. It is also observed that the dielectric constant and loss factor is higher for the pure BTO phase and

decreases with increase in MZFO content in the composite (Table 6.4). This maximum value of dielectric constant is

closely related to the grain size. Increasing grain boundary area with grain size increases the possibility of space – charge

polarization at the grain boundaries which in turn increases the value of dielectric constant [36]. 6.3.8 Magneto electric

properties Magnetoelectric voltage coefficient assisted by magnetic field for MZFO-BTO composites was measured to

study the magnetoelectric coupling within the material. All the measurements were carried out on disc shaped samples

by measuring the electrical response in lock in amplifier when the applied magnetic field varies [37]. By measuring core-

shell voltage drop, the magnetoelectric voltage coefficient (α ME ) can be obtained by using the relation [38]; ME dV 1 dh t

α = × (6.5) where ‘t’ – represents the thickness of the specimen, and ‘h’ – representing the applied magnetic field. Fig. 6.15

represents the variation of magnetoelectric coupling coefficient as a function of applied magnetic field. As the applied

magnetic field increases, initially, the magnetoelectric coupling coefficient increases and reaches to a maximum value.

Further

Chapter-VI 148 increase of applied magnetic field decreases the values of α ME . Magnetostriction of the magnetic sub-

lattice generates the M-E interactions and the piezomagnetic coefficient which is dependent on applied magnetic field is

linearly proportional to α ME [39]. In the absence of applied magnetic field most of the multiferroic composites have

piezomagnetic coefficient close to zero which in turn shows the very low values of α ME . Hence, a sufficient magnitude

of applied magnetic field is required to achieve the maximum value of magnetoelectric coupling coefficient [40]. Among

all the composite samples, (25%)MZFO-(75%)BTO shows maximum M-E coefficient (α ME = 20.45 mVcm -1 Oe -1 ) and

decreases with the higher percentage of MZFO phase and shows lower M-E coefficient for the sample (75%)MZFO-

(25%)BTO (α ME = 17.41 mVcm -1 Oe - ). Table 6.4 represents the values of M-E voltage coefficient for MZFO-BTO

composites.
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Chapter-VI 154 Fig. 6.1: Flow chart for sol-gel synthesis of (1-x) Mn 0.7 Zn 0.3 Fe 2 O 4 +(x) BaTiO 3 (x = 0.0, 0.25, 0.50,

0.75 and 1.0)

Chapter-VI 155 Fig. 6.2: XRD patterns of MZFO-BTO composites

Chapter-VI 156 Fig. 6.3: Variation of lattice parameter of cubic MZFO and pervoskite BTO phases in (1- x) Mn 0.7 Zn 0.3 Fe

2 O 4 +(x) BaTiO 3 (x = 0.0, 0.25, 0.50, 0.75 and 1.0)
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Chapter-VI 157 Fig. 6.4: Variation X-ray density (d x ) and percentage porosity (P) for (1-x) Mn 0.7 Zn 0.3 Fe 2 O 4 + (x)

BaTiO 3 (x = 0.0, 0.25, 0.50, 0.75 and 1.0)

Chapter-VI 158 Fig. 6.5: Variation Crystallite size (t) and grain size (D) for (1-x) Mn 0.7 Zn 0.3 Fe 2 O 4 + (x) BaTiO 3 (x = 0.0,

0.25, 0.50, 0.75 and 1.0)

Chapter-VI 159 Fig. 6.6: W-H plots of piezomagnetic-MZFO and piezoelectric-BTO phases in (1- x)Mn 0.7 Zn 0.3 Fe 2 O 4

+(x) BaTiO 3 composites.

Chapter-VI 160 Fig. 6.7: SEM micrographs of (1-x)Mn 0.7 Zn 0.3 Fe 2 O 4 +(x) BaTiO 3 (a) MZFO, (b) (75%)MZFO +

(25%)BTO, (c) (50%)MZFO + (50%)BTO, and (d) (25%)MZFO + (75%)BTO

Chapter-VI 161 Fig. 6.8: EDAX spectra of (a) MZFO and (b) (25%)MZFO+(75%)BTO) samples.

Chapter-VI 162 Fig. 6.9 (a): Color mapping images of pure MZFO sample.

Chapter-VI 163 Fig. 6.9 (b): Color mapping images of (25%)MZFO+(75%)BTO sample.

Chapter-VI 164 Fig. 6.10: FTIR spectra of (1-x)Mn 0.7 Zn 0.3 Fe 2 O 4 +(x) BaTiO 3 composites.

Chapter-VI 165 Fig. 6.11: Variation magnetization (M) with applied magnetic field (H) for the composite series (1-x)Mn 0.7

Zn 0.3 Fe 2 O 4 +(x) BaTiO 3 .

Chapter-VI 166 Fig. 6.12: Variation in saturation magnetization (Ms), Remnant magnetization (M R ) and coercivity (Hc)

with composition for (1-x)Mn 0.7 Zn 0.3 Fe 2 O 4 +(x) BaTiO 3 .

Chapter-VI 167 Fig. 6.13: Variation of dielectric constant (ε′) with frequency for (1-x) Mn 0.7 Zn 0.3 Fe 2 O 4 +(x) BaTiO 3

composites.

Chapter-VI 168 Fig. 6.14: Variation of dielectric loss (ε″) with frequency for (1-x) Mn 0.7 Zn 0.3 Fe 2 O 4 +(x) BaTiO 3

composites.

Chapter-VI 169 Fig. 6.15: Variation of magnetoelectric coupling coefficient (α ME ) with applied magnetic field of (1-x)Mn

0.7 Zn 0.3
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Fe 2 O 4 +(x) BaTiO 3 composites  
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Table 6.1: Lattice Constant (a), X-ray density (d x ), Bulk Density (d B ), Porosity (P) and  

Particle Size (t) for (1-x) Mn 0.7 Zn 0.3 Fe 2 O 4 +(x) BaTiO 3.  

Comp.  

‘x’  

Lattice constant ‘a’  

(Å)  

X-ray  

Density  

‘d x ’  

(gm/cc)  

Bulk  

Density  

‘d B ’  

(
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gm/cc) Percentage Porosity ‘P’ (%) Particle Size ‘t’ (nm) Ferrite Phase Ferroelectric Phase XRD SEM 0.0 8.431 --- 5.318

4.129 28.80 15.36 36.066 0.25 8.424 4.021 5.487 4.318 27.07 16.25 43.8 0.50 8.420 4.014 5.662 4.521 25.24 17.9 52.093

0.75 8.413 4.009 5.842 4.758 22.78 19.48 53.88 1.0 --- 4.005 6.027 5.012 20.25 21.94 54.01

Chapter-VI 171 Table 6.2: Elemental composition in atomic weight % of constituent ions observed from EDAX patterns for

(1-x) Mn 0.7 Zn 0.3 Fe 2 O 4 + (x) BaTiO 3. Comp. ‘x’ Elemental composition in atomic weight (%) Mn Zn Fe O Ba Ti 0.0

16.452 8.391 47.780 27.333 --- --- 0.75 3.19 1.95 10.9 23.51 44.27 16.18

Chapter-VI 172

Table 6.3:
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Saturation magnetization (M S ), Remnant magnetization (M r ), coercivity (H C )  

and remnant ratio (M r /M S ) of (1-x) Mn 0.7 Zn 0.3 Fe 2 O 4 + (x) BaTiO 3. Comp. ‘x’ ‘

73% MATCHING BLOCK 88/88 http://prr.hec.gov.pk/jspui/bitstream/123 ...

M S ’  

(emu/gm)  

‘M r ’  

(emu/gm)  

(M r /M S )  

‘H C ’  

(Oe)  

0.0 33.12 10.58 0.319 565  

0.25 23.89 6.78 0.284 338  

0.50 14.17 1.23 0.087 112  

0.75 4.54 0.49 0.108 23  

1.0 --- --- --- ---  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter-VI 173 Table 6.4: Dielectric constant (ε’) and Magnetoelectric Conversion factor (dE/dH) of (1-x) Mn 0.7 Zn 0.3 Fe

2 O 4 + (x) BaTiO 3 Comp. ‘x’ Series Dielectric Constant (ἑ) Magnetoelectric Conversion factor [dE/dH] H (mV/Cm-Oe) 0.0



50/84

100%( Mn 0.7 Zn 0.3 Fe 2 O 4 ) 220.60 --- 0.25 75%( Mn 0.7 Zn 0.3 Fe 2 O 4 )+25%( BaTiO 3 ) 242.23 17.41 0.50 50%( Mn

0.7 Zn 0.3 Fe 2 O 4 )+50%( BaTiO 3 ) 251.76 19.12 0.75 25%( Mn 0.7 Zn 0.3 Fe 2 O 4 )+75%( BaTiO 3 ) 273.54 20.45 1.0 100%

( BaTiO 3 ) 292.12 ---
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Chapter-VII 175 7.1 CONCLUSIONS ON CCFO AND MZFO FERRITES CoCr 0.3 Fe 1.7 O 4 (CCFO) and Mn 0.7 Zn 0.3 Fe 2 O

4 (MZFO) nanoparticles were successfully obtained by using ultrasonic irradiation assisted sono-chemical route. Cubic

spinel structure of the samples was confirmed by using X-ray diffraction method. The higher ionic radius of the Mn and Zn

ions enhances the lattice parameter. Two absorption bands observed in the infrared spectra reveals the typical

ferromagnetic behaviour of the samples. The stiffness constant and elastic parameters are observe higher for CCFO

sample while as Debye temperature is found maximum for MZFO sample. Value of Poisson’s ratio reveals the good elastic

behaviour of both the samples. 7.2 CONCLUSIONS ON CCFO-BTO COMPOSITES CoCr 0.3 Fe 1.7 O 4 nano particles were

obtained by ultrasonic irradiation assisted sonochemical sol-gel route. Nanoparticles of BTO phase (BaTiO 3 ) was

obtained by employing the sol-gel route. The CCFO-BTO M-E composite materials were fabricated by mixing the CCFO

and BTO nanopowders with their weight proportion by using solid – state reaction method. Rietveld refinement of all the

samples of (1-x)CoCr 0.3- Fe 1.7 O 4 +(x)BaTiO 3 (x = 0.0, 0.2, 0.4, 0.6, 0.8 and 1.0) composites was done by using the

software FullProf suite. XRD evaluation suggests that the CCFO phase possess cubic spinel structure while as BTO phase

possesses perovskite structure. Lattice constant of piezomagnetic phase increased from 8.373 Å to 8.3774 Å up to x = 0.4

and thereafter decreases to 8.3738 Å for x = 1.0 with the increasing concentration of BTO phase. Simultaneously, lattice

constant of BTO phase decreased from 4.021 Å to 4.005 Å with the increasing concentration of BTO phase. The average

crystallite size increased initially from 20.1 nm (Pure CCFO phase) to 25.6 nm ((40%) CCFO+(60%)BTO) and decreased

thereafter to 21.2 nm for pure BTO phase. Positive values of lattice strains induced in

Chapter-VII 176 CCFO phases indicting the tensile type of strain. Simultaneously, the tensile strain in piezoelectric BTO

phase reduces from 1.67 × 10 -3 to 2.5 × 10 -4 with the increasing concentration of BTO grains. From SEM analysis, it can

be observed that for the samples x ≥ 0.8, the average grain size (D) increases from 38 nm to 60 nm and for pure BTO

phase it reduces to 54 nm. EDAX spectra reveal that all the constituent elements in the composition are observed with

their stoichiometric proportion and no loss of any constituent element is observed. Color mapping images confirms that

the elements are uniformly distributed in the samples. FTIR spectra of CCFO-BTO M-E composites recorded in the

wavenumber range of 400 to 4000 cm -1 . Absorption band appeared near wavenumber 870 cm -1 may be related to the

pervoskite tetragonal structure of the BTO phase. Saturation magnetization and other parameters decreases with the

increasing concentration of BTO phase in the composite because magnetic properties are only the characteristics of

piezomagnetic-CCFO phase. The increase in coercivity is result of increase of anisotropy energy with increase of

crystallite size. Pure piezoelectric phase (x = 1) exhibit the typical P-E hysteresis loop which confirms the ferroelectricity in

the sample, but the P-E loop was not saturated. P-E loop of CCFO phase is very absorbent and not showing any

ferroelectric characteristics. The dielectric dispersion is observed in the dielectric plots. This dispersion may be occurs due

to the Maxwell-Wagner type interfacial polarization which is also in good agreement with the Koop’s phenomenological

theory. Pure BTO shows the lowest dielectric loss among all the investigated composite samples, whereas CCFO show

the highest dielectric loss. The difference in dielectric loss between BTO and CCFO is may be related to the leakage

current and electrical conductivity. In contrast to CCFO phase, BTO has least leakage current and lower electrical

conductivity. It can be seen that, α ME increased initially from 15.1 mV/Cm-Oe (x = 0.2) with the increase in H DC and

attained a maxima at 24.7

Chapter-VII 177 mV/Cm-Oe (x = 0.6). Further increase in H DC decrease the value of α ME . This behavior of α ME is

associated with the magnetostrictive property of piezomagnetic-CCFO phase. Magnetostriction of CCFO phase increased

and attained saturation with the increase in dc magnetic field [55]. Magnetization in piezomagnetic-CCFO is controlled by

the magnetic domain and domain size which can be influenced by the strain type of piezomagnetic- CCFO. Thus, tensile-

strained CCFO may require a higher H DC to reach the saturation. 7.3 CONCLUSIONS ON MZFO-BTO COMPOSITES

Composites of piezomagnetic MZFO and piezoelectric BTO have been investigated for their structural, magnetic,

permittivity and M-E effect measurements. Both individual cubic spinel (piezomagnetic) and pervoskite (piezoelectric)

phases were identified by XRD investigations. Average crystallite size obtained from XRD analysis shows similar behaviour

that are obtained from SEM micrographs. The micro-strain observed from W-H plots shows gradually increasing

comprehensive type strain from - 2.01 × 10 -5 to -8.36 × 10 -6 for MZFO phase and decreasing tensile type strain from

9.30 × 10 -4 to 5.40 × 10 -4 for BTO phase with the increasing percentage of BTO in the composite. Magnetic parameters

such as saturation magnetization, remnant magnetization and coercivity reduced with the dilution of MZFO content in
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composite which is related to the reduction of magnetic grains and increasing grain size. Frequency dependent real and

imaginary parts of permittivity showed higher values for pure BTO phase and decreases with more number of MZFO

particles. M-E coefficient has maximum value for higher concentration of BTO grains and lower value for higher

concentration of MZFO grains in the composites. The obtained results are very interesting and thus making MZFO-BTO

composite a promising candidate for electronic devices where ME effect does play an important role.
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Study Of Structural and Electromagnetic Properties of Co Substituted Mg-Cu-Zn Ferrite 

Synthesized by Citrate Gel combustion Method. S.R.Kamble1, R.S. Ramshetti2 

L.M.Thorat1, S.M.Patange3* 1 Dept of Physics, S.M.Dnyandeo Mohekar Mahavidyalaya 

Kallam Dist-Osmanabad. 2Dept. of Physics, Adarsh College, Omerga Dist. Osmanabad 

(M.S.) India 3 Dept. of Physics,Shrikrishna Mahavidyalaya Gunjoti Dist-Osmanabad. 

Abstract A polycrystalline Mg0.25-x Cox Cu0.25 Zn0.5 Fe2O4 system (for x = 0.0, 0.05, 

0.10, 0.15, 0.20, 0.25) have been synthesize by citrate gel combustion method and 

studied by using X-ray diffraction (X R D) technique. The XRD data confirms the 

formation of signal phase cubic structure.  

 

The temperature dependence of DC electrical resistivity of all the samples of the series 

was study by two – probe methods. The increase in resistivity with increase in Co 

content x was reported. The result is in reduction of Fe2+ ions that may be formed 

during preparation therefore electron exchange between the iron–iron ions at B-site is 

reduced and hence resistivity increased was reported in the present study. Key Words: 

Ferrite, Co, Mg – Cu – Zn, electrical resistivity, X-ray diffraction. 1.  

 

Introduction In recent years, the advancement in microwave technology like the wireless 

telecommunication systems, radar, microwave oven, medical equipment, Bluetooth 

technologies etc. induced a serious problem of electromagnetic pollution in this 

frequency range. Therefore, the demands to develop electromagnetic wave absorbers 

with wider absorbing bandwidths have been increased [1-8]. The electromagnetic 

pollution can be controlled by making use of electromagnetic absorbers and extensive 

studies have been carried out in this concern [9,10].  



 

Electromagnetic wave energy can be completely absorbed and dissipated into heat 

through magnetic losses and dielectric losses when the impedance of free space is 

matched with the input characteristic impedance of an absorber [11]. Spinel ferrites have 

been widely utilized as electromagnetic wave absorbing materials in VHF/UHF region, 

due to their large magnetic losses and large resistivities [12-14]. Among the various 

spinel ferrites Ni-Cu-Zn ferrites have been intensively studied due to their high 

resistivity, low dielectric losses, high Curie temperature and excellent 

microwave-absorbing properties [15].  

 

They have also been widely employed in both low and high frequency devices that play 

a vital role in many technological applications, such as microwave equipments, power 

transformers in electronics, rod antennas and read/write heads for high speed digital 

tape, etc [16-19]. However, the Ni-Cu-Zn ferrites have been facing certain inherent 

problems like sensitivity to stress, high magnetostriction constant, carcinogenic nature 

of nickel and its compounds etc [20, 21]. Numerous methods have been employed for 

the synthesis of mixed ferrites which includes sol gel [24], hydrothermal [25], 

mechanochemical [26], precursor [27] and auto-emulsion method [28].  

 

We have adopted the citrate gel combustion method for the synthesis of 

Mg0.25-xNixCu0.25Zn0.5Fe2O4 ferrites. This method is a promising technique for the 

preparation of fine ferrite powders with high-sintering activity which can ultimately lead 

to reduction in sintering temperature [29-31]. In addition the citrate gel combustion 

method is simple, inexpensive and less time consuming as compared to other wet 

chemical methods. The present paper is focused on the structural, morphological, and 

magnetic properties of citrate gel synthesized Mg0.25-xCoxCu0.25Zn0.5Fe2O4 with X= 

0, 0.05, 0.10, 0.15, 0.20, 0.25 ferrites. 2 Experimental details 1 Synthesis of nanocrystalline 

Mg0.25-xCoxCu0.25Zn0.5Fe2O4 powders The Mg0.25-xNixCu0.25Zn0.5Fe2O4 (x= 0, 

0.05, 0.1, 0.15, 0.2 and 0.25) ferrites were synthesized using the citrate gel combustion 

method. The citrate gel combustion method is a single step, easy and economical way 

of synthesis of single and multicomponent oxides.  

 

This method has certain inherent advantages like low processing temperature, good 

stoichiometric control, homogeneous distribution of reactants and production of ultra 

fine particles with narrow size distribution. The fuel citric acid is a weak acid and has 

three carboxylic and one hydroxyl group. These groups coordinate metal ions which 

enhances the homogeneous mixing of the reactants. The citric acid suppresses the 

precipitation of metal nitrates during water dehydration.  

 

It has electronegative oxygen atoms which interact with electropositive metal ions and 



therefore homogeneous single phase powders can be prepared at a relatively low 

temperature. Analytical reagent grade magnesium nitrate, cobalt nitrate, copper nitrate, 

zinc nitrate and ferric nitrate were used as starting precursors. The ratio of metal nitrates 

to fuel (citric acid) was kept at 3:5 moles. As per the molar composition of the 

investigated systems the precursor solution was prepared and further it was heated on 

hot plate. Continuous heating on the hot plate converted the precursor into the gel 

which gets auto ignited.  

 

The auto ignition causes a rapid evolution of large volume of gases to produce 

voluminous powder. The as prepared powders were collected and calcinated at 700ºC 

for 2 h to remove traces of undecomposed fuel, nitrates (if any), and their 

decomposition products to obtain the pure and well crystalline powder. The toroids of 

samples were fabricated using a die having outer diameter 2 cm, inner diameter 1 cm 

with average height of 0.3 cm by applying a pressure of 1.5 ton/cm2 using hydraulic 

press machine.  

 

All the samples in present study were sintered at 950 °C for 4 hrs in air atmosphere. 2 

Experimental measurements The X-ray diffraction (XRD) pattern of the samples were 

obtained on BRUKER D8 advanced X-ray diffractometer using Cu-Ka (?=1.54056 Å) 

radiation at 2? values between 20º to 80°.The interplanar distance d (Å) was calculated 

using Bragg’s law. The lattice parameter of sintered samples was calculated using the 

formula (1) for interplanar spacing [32] _ (1) The average particle size, D, was calculated 

from the Scherrer formula _.  

 

(2) The X-ray density, bulk density and relative density were calculated by _ (3) _ (4) 

Surface morphology of the samples was studied using scanning electron microscope 

(Model SEM-JEOL) operating at 5 kV. Percentage porosity (P) of the samples was 

calculated from ?m and ?x values using the expression: _ (5) Transmission electron 

microscope (TEM) images were taken by using a Philips CM 200 FEG microscope 

equipped with a field emission gun at an accelerating voltage of 200 kV, with a 

resolution of 0.24nm.  

 

A vibrating sample magnetometer (Lake Shore 7410 VSM) was used to study the 

magnetization measurements of the samples and the magnetic hysteresis loops were 

obtained with an applied magnetic field of 20 kOe. The double coil set up [33] was used 

to study the susceptibility measurements on powder sample. The inductance 

measurements were carried out on toroid samples from room temperature to 350 °C at 

1 kHz using a computer controlled impedance analyzer (Hioki Model 3532-50 LCR 

HiTester, Japan).  

 



Also the frequency dispersion of initial permeability was studied in frequency range 100 

Hz to 5 MHz at room temperature. The initial permeability of the various samples was 

calculated using the inductance data and the standard formula for initial permeability 

[34]. The dielectric measurements at room temperature were carried using LCR-Q meter 

(HP 4284). The temperature variation curves of susceptibility and initial permeability 

were referred for the determination of the Curie temperature values. 3 Results and 

discussion A Analysis of Structural properties 1.  

 

X-ray diffraction X-ray diffraction (XRD) was used to study the structural properties of 

samples in the present study. The X-ray diffraction patterns of different compositions of 

sintered Mg0.25-xCoxCu0.25Zn0.5Fe2O4 ferrites are shown in Fig. 1. The spectra 

revealed the presence of peaks corresponding to (3 1 1), (2 2 0), (2 2 2), (4 0 0), (4 2 2), (5 

1 1), (4 4 0) and (5 3 1) planes for cubic spinel structure [23]. The peaks in the X-ray 

diffraction pattern were indexed using standard JCPDS File No. 08-0234.The lattice 

parameter (a) for various compositions is given in Table 1. No prominent effect of Co 

addition on the values of lattice parameter was observed.  

 

However the lattice parameter values for different samples are in close agreement with 

earlier reported values [18, 21]. The crystallite size for different sample varies in the 

range of 49 nm to 51 nm and it does not shown any systematic dependency on the Co 

content. The bulk density, X-ray density and relative density values for different samples 

in the present study are given in Table 1. Relative density increased with Co addition 

exhibiting maximum for x= 0.05 and 0.25. The relative density of sample with x=0.00 

(Mg-Cu-Zn) is lower as compared to sample with x=0.25 (Co-Cu-Zn) which is attributed 

to the fact that magnesium has lower atomic weight (24.30 amu) than the cobalt (58.93 

amu) atom.  

 

The replacement of Mg atoms by cobalt causes the increase in the relative density. It 

can also be noticed from the Table 1 that X-ray density of each sample is higher than 

the corresponding bulk density of sintered samples. This is attributed to the existence of 

the pores, which depends on sintering conditions [35]. 2. Scanning electron Micrograph 

(SEM) and EDS The grain growth occurring in any material is specifically due to the 

replacement of solid–vapour surface of the crystals by solid–solid interface via solid 

state diffusion, in order to, reduce overall surface energy. Diffusion of atoms through the 

grain boundary and grain boundary migration causes the grains to grow in size [36-38]. 

The microstructure of samples in the present study was observed using scanning 

electron microscopy (SEM).  

 

SEM micrographs for different samples of sintered Mg0.25-xCoxCu0.25Zn0.5Fe2O4 

ferrites are shown in Fig. 2. The formation of compact microstructure was observed for 



all Co added samples. The microstructure was significantly affected by the addition of 

cobalt. The average grain size determined using the line intercept method list in Table 1. 

Enhancement in the grain size was observed with the addition of Co to 

Mg0.25-xNixCu0.25Zn0.5Fe2O4 ferrite. The SEM images of Co doped samples show the 

formation of distinct grains, however no particular shape and size was observed. The 

maximum size was observed for the sample with x=0.10.  

 

The non-uniformity in grain size and shape observed in the present study is mainly due 

to the presence of Cu in the ferrite. The presence of copper strongly affects the 

microstructure of the ferrite sample because it facilities the liquid phase sintering. The 

grain growth can be considered as competition between the driving force for grain 

boundary movement and the retarding force exerted by pores [39]. During the sintering, 

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

pores, thereby decreasing the pore volume and making the material dense.  

 

If the driving force on each grain is homogeneous then we observed uniform 

distribution of the grain size. However if the driving force is non homogenous then one 

observes abnormal grain growth. The non uniformity of the grain size in the present 

study might be due to the non homogeneous driving force on the grains [40]. The 

observed microstructure of the samples in present study is useful for attaining good 

electromagnetic properties like permeability and magnetization. The elemental 

composition of the samples in the present study was confirmed using the EDS analysis.  

 

Fig. 3 shows the typical EDS spectra for Mg0.25-xCoxCu0.25Zn0.5Fe2O4 ferrites with 

x=0.15. The EDS data given in the Table 2 confirmed the elemental composition as per 

the initial concentration. Similar type of observations were reported in earlier studies 

[41]. 3. TEM and SAED studies The TEM images of the different compositions of sintered 

Mg0.25-xCoxCu0.25Zn0.5Fe2O4 ferrites are shown in Fig. 4. No typical shape of the 

particles was observed for all samples, however from TEM images it is vivid that particles 

are aggregated however the sample with x=0.25 exhibited spherical shape.  

 

The average crystallite size for different compositions is given in Table 1. The average 

particle size was influenced by addition of Co and no particular variation of particle size 

with Co content was observed. The maximum particle size was observed sample with 

=0.05. The aggregates of the particles may be formed due to the interfacial surface 

tension, which arises from the magnetostatic or exchange interactions between particles 

[42]. Inset of Fig. 4 shows the SAED pattern for various samples of sintered 

Mg0.25-xCoxCu0.25Zn0.5Fe2O4 ferrites.  

 

The SAED pattern confirmed the presence of bright spots corresponding to various 



planes as represented in XRD pattern and confirmed the polycrystalline nature of the 

samples B. Analysis of Magnetic properties The magnetic properties of soft ferrites are 

influenced by the composition, additives, and microstructures of the materials. Among 

these factors, the microstructures have great effect on magnetic properties. Generally 

ferrites possessing large saturation magnetization, initial permeability with low coercivity 

find useful technological applications. 1. A. C. susceptibility The normalized AC 

susceptibility of the sintered Mg0.25-xCoxCu0.25Zn0.5Fe2O4 ferrite samples as a 

function of temperature is depicted in Fig. 10.  

 

The normalized susceptibility for all samples almost remained constant upto certain 

temperature and thereafter all the samples showed a sharp decrease in normalized AC 

susceptibility with temperature near Curie temperature, indicating absence of impurity 

phases in the samples which was confirmed from XRD studies. The room temperature 

susceptibility was not influenced significantly by the addition of Co. The constant 

behavior of normalized susceptibility upto Curie temperature is because of the available 

thermal energy is not sufficient to disturb the aligned moments of spins.  

 

This behavior has confirmed the ferrimagnetic nature of the material under 

investigation. However above the Curie temperature the decrease in susceptibility is 

attributed to the disturbance of moment’s alignment due to the thermal energy 

provided by that temperature and this is the indication of the transition of material from 

ferrimagnetic state to paramagnetic state. The temperature invariance of normalized AC 

susceptibility up to Curie temperature for all samples confirmed that the compositions 

contain multi domain particles in predominance.  

 

In general, magnetic grains tens of microns are known as multi domain (MD), small 

grains up to about a hundred of angstroms are called as super paramagnetic (SP) and 

those which are few hundred angstroms are called as single domain (SD) [43]. The Curie 

temperature values for all samples are given in Table 3. The Curie temperature was 

found to increase with increase in cobalt content. The increase in the Curie temperature 

with addition of Co is mainly due to the replacement of nonmagnetic Mg2+ by Co2+ 

which causes the increase in ferrimagentic region at the same time the decrease in 

paramagnetic region.  

 

It is due to the fact that the Co has preference occupancy at octahedral site and when it 

replaces the Mg at octahedral site enhancement in magnetic interaction at octahedral 

site occurs. Similar type of behavior was also reported by some researchers [44, 45]. 

Above the Curie temperature a complete disordered state as well as the magnetization 

destruction is obtained. The strong exchange interaction in case of sample with x=0.25 

due to high content of Co resulted into highest Curie temperature compared to other 



samples [46]. 2.  

 

Magnetization (VSM) The preferential occupancy of the cations, composition, 

microstructure and density of ferrites strongly influences their magnetic properties like 

saturation magnetization, coercivity and remenance. The room temperature hysteresis 

loops for various samples of sintered Mg0.25-xCoxCu0.25Zn0.5Fe2O4 ferrites are shown 

in Fig. 11. The magnetic hysteresis in case of all samples exhibited a typical shape and 

confirmed that the samples are magnetically ordered. The values of saturation 

magnetization, coercivity and remenance for all compositions are given in Table 1.4. It is 

observed from the Table 1.4 that the increase in Co content has resulted into the 

increase in the value of saturation magnetization.  

 

Maximum value of saturation magnetization was exhibited by the 

Mg0.25-xCoxCu0.25Zn0.5Fe2O4 ferrite with x= 0.25. The enhancement in saturation 

magnetization is mainly due to the substitution of nonmagnetic Mg2+ ions with highly 

magnetic Co2+. The observed variation in saturation magnetization can be explained on 

the basis of cation distribution and the exchange interactions between A and B-sites. It 

is known that the Mg ferrite is a spinel with an inversion degree of about 0.8 [47]. In 

Mg-Cu-Zn ferrite, the stable Zn2+ ions occupy the A-sites only. By substituting Co2+ 

ions for Mg2+ (which has a magnetic moment of 3.7  

 

µB) on the octahedral sites (B-sites), an increase in the magnetization of B sublattice 

takes place, leading to the increase in the saturation magnetization of the ferrite [48]. 

Squareness or remnant ratio (Mr/Ms) is a characteristic parameter of the material and is 

dependent on anisotropy. It indicates the ease with which the magnetization direction is 

reoriented to the nearest easy axis magnetization direction after the magnetic field is 

removed. The lower is its value, the more isotropic the material will be [49].  

 

The knowledge of squareness ratio plays an essential role in the development of new 

materials. The values of experimental magnetic moment and probable cation 

distribution are given in Table 1.5. The experimental magnetic moment was increased 

with increase in Co content however the ay-k was decreased. The decrement in ay-k is 

attributed to the replacement of nonmagnetic Mg by magnetic Co which lead to 

enhancement in exchange interaction. 3. Initial permeability The initial permeability is a 

very sensitive parameter, which depends on various factors like temperature, grain size, 

method of preparation etc. For MLCI applications, the temperature dependence of initial 

permeability is very important.  

 

It is recognized that the permeability of polycrystalline ferrite is associated with two 

magnetizing mechanisms: spin rotation and domain wall motion. According to Globus 



[50], the domain walls normally remain pinned to the grain boundary and bulge when 

subjected to a small magnetic field. The initial permeability is mainly due to reversible 

motion of the domain walls. Globus assumed that the permeability due to the wall 

motion is likely to be linearly dependent on the grain size, while the permeability 

contribution due to spin rotation was assumed to be independent of grain size.  

 

The initial permeability for various samples of sintered Mg0.25-xCoxCu0.25Zn0.5Fe2O4 

ferrites at room temperature were measured in the frequency range of 100 Hz–5 MHz. 

Fig. 1.12 shows the variation of initial permeability as a function of frequency. The initial 

permeability for various samples of sintered Mg0.25-xCoxCu0.25Zn0.5Fe2O4 ferrites 

exhibited a constant behavior upto a certain frequency and then initial permeability 

increased with further increase in the frequency. However the variation of initial 

permeability with Co substitution was not consistent with the variation of saturation 

magnetization, coercivity, density and microstructure.  

 

This behavior of initial permeability seems to be in accordance with the 

magnetocrystalline anisotropy as the maximum permeability was recorded for the 

sample at which the magnetocrystalline anisotropy constant changes its sign [51]. Table 

1.6. Shows the initial permeability values (µi), measured at room temperature, for 1 KHz 

frequency. As revealed in Table 1.6, the initial permeability increased with the addition 

of Co and showed maximum value for sample with x=0.05 and then decreased with 

further increase in Co content. It was observed that for Co content more than X=0.05 

the initial permeability decreases and this decrease is mainly attributed to the increase 

in magnetostriction constant due to substitution of Mg by Co and similar type of results 

were reported earlier [52].  

 

As mentioned above, the variation of initial permeability of Mg-Cu-Zn ferrite was 

influenced not only by microstructures, but also by magnetostriction, inner stress and 

other factors. Fig. 1.13 shows the variation of initial permeability as a function of 

temperature for different compositions of sintered Mg0.25-xCoxCu0.25Zn0.5Fe2O4 

ferrites. The initial permeability exhibited a steady behavior upto a particular 

temperature, achieves a peak value and then suddenly drops to a minimum value at 

Curie temperature.  

 

The sudden fall in initial permeability at Curie temperature is the sign of transition from 

ferrimagnetic state to the paramagnetic state. The Mg0.25-xCoxCu0.25Zn0.5Fe2O4 

ferrite with x=0.05 exhibited maximum initial permeability and with further increase in 

Co content decrease in permeability was observed. The Curie transition temperature (Tc) 

was measured from Fig. 1.13 and the values are presented in Table 1.6. The magnitude 

of Curie temperature increased with Co content. This increase in Curie transition 



temperature is due to the substitution of magnetic Co2+ in place of nonmagnetic Mg2+ 

at octahedral site [53].  

 

The rotational and wall permeability values were calculated using the formula (rk = 1 + 

2(M2s / lk1l, (w = (i – ((rk - 1) respectively. The rotational permeability and wall 

permeability values are given in Table 1.6. From Table 1.6 it is clearly seen that the 

magnitude of wall permeability (w is very large in comparison with rotational 

permeability (rk for all compositions of Mg0.25-xCoxCu0.25Zn0.5Fe2O4 ferrite. Thus, it is 

concluded that the main contribution to the initial permeability is due to domain wall 

motion. The initial permeability values during heating and cooling cycles and ?µi are 

given in Table 1.7.  

 

All the samples have exhibited the thermal hysteresis of initial permeability and ?µi 

increased with addition of Co. In ferrite materials magnetic losses are due to phase lag 

of domain wall motion with respect to the applied AC magnetic field. The variation of 

magnetic loss factor with temperature is shown in Fig. 1.14. For all the samples the loss 

factor almost remain constant up to a certain temperature thereafter a drastic increase 

in the loss factor was observed. It is well known that higher the value of initial 

permeability lower is the value of loss factor and accordingly the sample with x=0.05 

exhibited lowest value of loss factor at room temperature. 4. Conclusions The fine 

particles of Mg0.25-xCoxCu0.25Zn0.5Fe2O4 with X= 0, 0.05, 0.10, 0.15, 0.20, 0.25 ferrites 

were successfully synthesized using citrate gel combustion method. The structural 

properties were found to be influenced by addition of Co. SEM study revealed formation 

of compact microstructure.  

 

All the samples have exhibited the dielectric dispersion phenomena. The addition of Co 

has shown strong impact on the magnetic properties. Initial permeability studies 

confirmed the multi-domain nature of the grains. To conclude with, 

Mg0.25-xCoxCu0.25Zn0.5Fe2O4 at X=0.05 is the potential candidate for EMI and MLCI 

applications. Figure Caption ; Fig 1: X-ray diffraction patterns of the sintered 

Mg0.25-xCoxCu0.25Zn0.5Fe2O4 ferrites. Fig2: The SEM images of all compositions of 

sintered Mg0.25-x CoxCu0.25Zn0.5Fe2O4 ferrites. Fig 3: Typical EDAX spectra for 

sintered Mg0.25-xCoxCu0.25Zn0.5Fe2O4 ferrites with x=0.15. Fig4: The TEM images of 

all compositions of sintered Mg0.25-xCoxCu0.25Zn0.5Fe2O4 ferrites. Fig.  

 

5: AC susceptibility of all samples as function of Temperature Fig 6: Magnetic hysteresis 

loops of sintered Mg0.25-xCoxCu0.25Zn0.5Fe2O4 ferrites. Fig7: Frequency dependency 

of initial permeability for different compositions of sintered 

Mg0.25-xCoxCu0.25Zn0.5Fe2O4 ferrites. Fig.8: Temperature dependency of permeability 

for different compositions of sintered Mg0.25-xCoxCu0.25Zn0.5Fe2O4 ferrites. Fig.9: 
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i Abstract The NiCuZn ferrite composition is an exceptional spinel ferrite having very high permeability and electrical

resistivity and employed in the fabrication of multilayer chip inductors. The present work is intended to investigate

structural, dielectric, electrical and magnetic properties of ferrite by doping additive. The doping of tetravalent and

pentavalent metal ions is endeavored in order to create the understandingof different properties of NiCuZn ferrite

composition. With this broad scene in mind, we have prepared nanocrystalline spinel ferrite with formula Ni 0.4 Cu 0.3 Zn

0.3 Fe 2 O 4 + xTa 2 O 5 and Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 + xTiO 2 (for x= 0, 1, 2, 3, 5 and 10 wt. %) employing sol gel

method and studied structural, dielectric and magnetic properties of pure and doped ferrite. Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4

+ xTa 2 O 5 (for x= 0, 1, 2, 3, 5 and 10 wt. %) The compositions Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 + xTa 2 O 5 for all the

selected concentrations of dopant were synthesized by using the Sol gel method.The XRD data was subjected for

structural analysis of all the investigated samples with the help of Rietveld refinement using FULLPROF software. The

result shows a cubic spinel structure and also forms a secondary phase of FeTaO 4 with increasing Ta 2 O 5 composition.

The lattice constant found to decrease with the increase in Ta 2 O 5 doping content. The crystallite size was obtained

using Debye-Scherer’s formula. The crystallite size of the prepared samples was increased with an increase in content of

Ta 2 O 5 additive. Spinel structure of the samples under investigation was confirmed the presence of two main absorption

bands in FTIR spectrum. There is variation in force constant valuesas well as bond length values of cations and oxygen

ions at the tetrahedral and octahedral site in NiCuZn ferrite with the Ta 2 O 5 additive. Also, there was no systematic

ii variation in the ratio υ 1 /υ 2 which shows that Ta 2 O 5 additive do not considerably alter the site occupancy of cations

present in the NiCuZn ferrite system. The morphological study carried out with the help of SEM image analysis shows

spherical shaped particles with some agglomeration. The bandgap energies of synthesized ferrite samples were obtained

from UV-Visible diffused reflectance spectra and increased with the Ta 2 O 5 additive concentration of ≤ 5 wt%, however,

further increase in Ta 2 O 5 doping concentration of < 5 wt% decrease the band gap energy. There was decrement in

saturation magnetization with enhancement in Ta 2 O 5 additive concentration in NiCuZn ferrite samples. DC electrical

resistivity values were recorded to decrease with increment in temperature. The computed values of activation energy

were found to be higher for the paramagnetic region than the ferromagnetic region. The results for the dielectric constant

and dielectric loss tangent were decreased with increase in frequencies for all Ta 2 O 5 doped samples. Further, the

estimated AC conductivity values were increased with Ta 2 O 5 additive composition . Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 + xTiO

2 (for x= 0, 1, 2, 3, 5 and 10 wt. %) TiO 2 (0–10 wt. %) doped nanocrystalline Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 (Ni-Cu-Zn)

ferrite compositions were synthesized using sol gel route of synthesis. The cubic spinel structure having Fd3m space

group of the ferrite compositions under consideration was revealed from the analysis of Rietveld refined X-ray diffraction

(XRD) data. The secondary phase with a space group of I41/amd was observed within the ferrites with TiO 2 doping, x < 3

wt. %. The values of lattice parameter were increased with the addition of TiO 2 up to 5 wt. % and reduced further for the

highest experimental doping of 10 wt. %. Field emission scanning electron microscope (FESEM) images exhibit the

spherical shape of the synthesized particles with some agglomeration while compositional purity of prepared ferrite

samples was confirmed from energy dispersive X-ray spectroscopy (EDX) and elemental mapping. The cubic spinel

structure of the prepared ferrite sample was confirmed from the Raman and Fourier transform infra-red (FTIR) spectra.

UV– visible diffuse reflectance spectroscopy was utilized to study the optical properties of the ferrites. The value of band

gap energy for the pristine sample was less than those of the

iii doped samples and there was a decrement in band gap energy values with the increase in TiO 2 doping which specifies

the semiconducting nature of prepared ferrite samples. Magnetic study performed by means of vibrating sample

magnetometer (VSM) demonstrates that the values of saturation magnetization of the ferrites goes on decreasing with the

addition of TiO 2 content and all investigated ferrites show the characteristics of soft magnetic materials at room

temperature. The Mössbauer study confirms the decrease in the magnetic behavior of the doped ferrites due to the non-

magnetic secondary phase of TiO 2 .The ultrasonic pulse transmission method was employed to determine the elastic

properties of the ferrites.

The elastic constants initially increased with an increase in TiO 2 up to 1 wt. % and then
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declined with the further addition of TiO 2 . The dielectric properties were studied within 50 Hz to 5 MHz frequencyrange

out with the help of LCR-Q meter. The values of dielectric constant (ɛ′) as well as dielectric loss tangent were observed to

be continuously decreasing trendwith increase in

frequency for all the selected samples at room temperature revealing normal dielectric behavior of ferrites. Also, the AC

conductivity was increased with an increase in the frequency of all the selected samples. Cole-Cole plots were obtained

for all

the investigated samples and showed a

single semicircle which indicates that the electrical conduction process appears only due to grain boundaries.

Keywords: TiO 2 doping; Ni-Cu-Zn ferrite; Rietveld refinement; Raman spectra; Mössbauer spectroscopy; UV Vis spectra.

Chapter 1 1 A.D.Patil Ph.D. Thesis Introduction to Ferrites Chapter 1 Introduction to Ferrites 1.1 Introduction to

Nanomaterials Nanoscience is an interdisciplinary and rising field of science which includes the study of matter at nano

(10 -9 m) scale. The phenomena of nanotechnology initially explained by Richard Feynman in 1959, gave a speech

entitled “There's Plenty of Room at the Bottom” at Caltech. In his lecture he put forward the opportunity of manipulating

things at very small scale [1].The word „Nano‟ obtained from „dwarf‟ a Greek word and is utilized as a prefix for any

measurement unit like meter (nanometer), or second (nanosecond).Therefore one billionth of meter or 10 -9 m is referred

as a nanometer (nm).The materials having particle size less than 100 nm are generally known as nanomaterials.

Nanotechnology plays important role in modern science and technology. In the past few years nano science and

technology is a wide and interdisciplinary area for research which is rising worldwide. Nanomaterials have broadly

different properties from those of the bulk materials because of their large surface to volume ratio, spatial confinement,

high surface energy and imperfections are decreased which are not present in related bulk materials[2].Depending upon

the shape of grains or crystallites, generally nanomaterials are categorized into four groups such as (a) Zero dimensional

nanomaterials for example quantum dots,(b)One dimensional nanomaterials for example quantum rod /quantum wire, (c)

Two dimensional nanomaterials for example thin films and quantum well and (d) Three dimensional nanomaterials for

example zeolites or molecular sieves with cage like nanopores[3].Nanomaterials are produced by two methods such as

top-down approach and bottom-up approach. In top-down approach, the bulk material is disintegrated into smaller

nanomaterials whereas in bottom-up approach, molecules or atoms are assembled to form nanomaterials. Also

Chapter 1 2 A.D.Patil Ph.D. Thesis Introduction to Ferrites there are various methods to manufacture nanomaterials, some

well-known methods such as (1) Wet synthesis (liquid phase synthesis), (2) Microwave processing (plasma phase

synthesis). (3) Gas phase synthesis, (4) Mechanical grinding (Solid Phase synthesis). Nanomaterialshave gained utmost

interest in recent years due to their significant chemical, magnetic, mechanical, optical, biological and electrical properties

which are predictable to provide for different potential applications such as in optical devices, treatment and prevention of

many diseases, magnetic devices, chemical and biological sensors, and so on[4]. 1.2 Magnetic materials and

Magnetization The word magnetism is obtained from Magnesia, a Greek town in the area of Asia Minor. The name magnet

is originated in Greek civilization. According to etymology meaning of the word magnet is that “the stone from Magnesia”

which have property of attracting iron as well as pieces of same materials [5].The use of magnetic materials is so

widespread that a world without magnetic materials is difficult to visualize. Magnetic materials play a vital role in progress

of modern technology. In number of electronic and electromechanical devices magnetic materials are employed such as

high frequency transformers, electromagnetic gadgets, memory or disc storage devices, electromagnetic interference

(EMI) suppressors, actuators, broad band pulse transformers, sensors, switches, power inductors etc. Magnetic materials

exhibitthe property by which it can experience force of attraction or repulsion among each other or through applied field.

This magnetic interaction depends on atomic magnetic moment. The materials which have total magnetic moment are

known as magnetic materials. Also, the requirement of efficient generation of electricity and use of electricity depends on

enhancement and design in magnetic materials. As soon as external magnetic field (H) is applied to a material, dipole

moments which are randomly oriented get oriented in the direction of H so that material has non zero magnetic moment.

To explain magnetic state of material, a term introduced is magnetization (M) and is described as magnetic moment per

unit volume [6].The magnetic field which is applied to a material is known as applied field (H) and Magnetic induction (B),

is nothing but magnetic flux density and these three are related by relation, = 0 +

Chapter 1 3 A.D.Patil Ph.D. Thesis Introduction to Ferrites Where, µ o is the permeability of free space. Further, the

magnetic susceptibility is define as termed as χ and given as, χ = M

H The relative permeability is given by the ratio of the magnetic permeability to that of free space = 0
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Paramagnetism and diamagnetism are the general types of magnetism and are related to room temperature magnetic

properties of the elements of periodic table. Fig 1.1:The periodic table highlighting the type of magnetic behavior of each

element at room temperature. 1.3 Classification of Magnetic Materials According to magnetic dipole moments

arrangement in a material,the magnitude and the sign of magnetic susceptibility (χ), there are five types such as 1.

Diamagnetism. 2. Para-magnetism. 3. Ferromagnetism. 4. Anti-ferromagnetism. 5. Ferrimagnetism.

Chapter 1 4 A.D.Patil Ph.D. Thesis Introduction to Ferrites 1.3.1 Diamagnetic Materials The elements like copper, lead,

sulfur, mercury, bismuth, silver, zinc etcand materials like wood, water are repelled by a magnet are termed as

diamagnetic materials. These materials are weakly magnetized when kept in strong magnetic field and magnetic dipoles

in these materials are tried to align in opposite direction to the applied magnetic field. For diamagnetic materials the value

of permeability is less than one. These materials have no permanent magnetic dipoles. The susceptibility of diamagnetic

materials is negative and almost temperature independent [7]. 1.3.2 Paramagnetic Materials In case of paramagnetic

materials individual dipole moments are randomly oriented and hence total magnetic dipole moment for these materials

is zero. The elements like Titanium, Oxygen, Aluminum, Sodium, and Chromium are the paramagnetic materials. These

materials are magnetized only in presence of applied strong magnetic field and once the applied magnetic field is

removed then magnetization vanishes. The relative permeability ofthese materials is greater than one. Paramagnetic

materials possess positive and small susceptibility values. 1.3.3 Ferromagnetic Materials The well-known ferromagnetic

materials are Nickel, Iron, Neodymium, Cobalt and alloys of these materials which are strongly attracted by magnet and

also magnetized. These materials possess very larger value of relative permeability. The susceptibility of ferromagnetic

materials besides being temperature dependent, demonstrates very large and positive value. In case of ferromagnetic

materials unpaired electrons are present so they acquire net magnetic moment. The ferromagnetic materials possess

magnetic properties because of magnetic domains. Inside the domain dipole moments of atoms are aligned parallel to

each other so there is strong magnetic force within the domain. For ferromagnetic material when magnetic field is not

applied, domains are randomly oriented and hence material as a whole does not show any magnetism. On the other

hand,when magnetic field is applied to ferromagnetic material, all the domains are oriented in the direction of applied

field and generate strong magnetic field within the material. On removal of applied field, majority of domains are still

aligned in the direction of applied field and

Chapter 1 5 A.D.Patil Ph.D. Thesis Introduction to Ferrites hence magnetic field of the materials maintain even after

removal of applied magnetic field. Such a property of these materials is employed to construct permanent magnets. With

rise in temperature, there is reduction in ferromagnetism owing to increase in thermal agitations. The temperature at

which ferromagnetic material loses their property and turns into paramagnetic. This temperature is termed as Curie

temperature [8] χ = C T − ? 1.3.4 Antiferromagnetism Chromium is only one element in the periodic table which at room

temperature shows antiferromagnetism. In case of antiferromagnetic materials dipole moments of adjacent atom align

antiparallel so the total magnetic moment of the material is zero which means that no magnetic field is produced by

them. Above Neel temperature antiferromagnetic materials converts into paramagnetic materials (T N ). 1.3.5

Ferrimagnetism Ferrimagnetic materials have spin arrangement opposite in direction. However, these spins do not cancel

each other as in case of antiferromagnetism. As a result there is net magnetic moment. The iron oxide is most well-known

example and a number of other magnetic oxide materials exhibitferrimagnetic because they have unequal anti-parallel

spin moments and hence having net magnetic moment. Further, the compounds having complex crystal structure as

compare to pure elements exhibits ferrimagnetism. 1.4 Ferrites Ferrite materials play a vital role in modern technology due

to their applications in computer systems, nuclear power engineering, electrical engineering etc. Now a day‟s huge

amount of work is going on by many researchers on various ferrite compositions for different device applications owing

to their excellent chemical stability, mechanical hardness and high resistivity. This group of magnetic materials is termed

as ferrimagnetic materials and the most crucial ferrimagnetic materials are ferrites. Ferrites have main components as iron

oxide and metal oxides.

Chapter 1 6 A.D.Patil Ph.D. Thesis Introduction to Ferrites Fundamentally, ferrites are ceramic substances appeared black

or dark grey in color and they are brittle, electrically nonconductive and very hard in physical character. Commonly,

ferrites behave as ferrimagnetic ceramic compounds obtained from iron oxides for example Magnetite (Fe 2 O 4 ) or

hematite (Fe 2 O 3 ) also oxides of other metals. In 1930, first ferrite compounds were prepared by Yogoro Kato and

Takeshi Takei in the Tokyo Institute of Technology. Ferrites show ferrimagnetism because of the super-exchange

interaction among the electrons of oxygen and metal ions. Due to presence of opposite spins in ferrite magnetization

decreases as compare to ferromagnetic metals as there are parallel spins. Further, as compared to ferromagnetic metal

ferrite has large resistivity owing
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to the intrinsic atomic level interaction among metal ions and oxygen. This enables the ferrite to find out applications at

maximum frequencies and

hence from technological point of view ferrites are very precious. 1.5 Types of Ferrites According to crystal structure they

are categorized into three groups 1) Spinel Ferrite 2) Garnet 3) Hexagonal ferrite 1.5.1 Spinel ferrites Bragg and Nishikawa

[9] in 1915 first determined the spinel ferrites crystal structure. Also spinel ferrites are termed as cubic ferrite and are soft

magnetic materials. The eddy current losses are low as well as electrical resistivity values are higher for spinel ferrite. For

this reason they are used at microwave frequencies. Generally spinel ferrites have chemical formula MFe 2 O 4 .Where M

represents divalent metal ions such as Cd 2+ , Mg 2+ , Fe 2+ , Ni 2+ , Cu 2+ , Cd 2+ , Co 2+ etc. or combination of these

metal ions [10,11]. The spinel ferrite resides in FCC crystal structure having two interstitial sites, one is tetrahedral (A) and

other is octahedral [B]. Metallic cations are occupied among these sites. Inone unit cell 96 interstitial sites are present. Out

of which 32 are at octahedral (B) sites and 64 at tetrahedral (A) sites.

Chapter 1 7 A.D.Patil Ph.D. Thesis Introduction to Ferrites 1.5.2 Garnet The common formula to represent garnets is M 3 Fe

5 O 12 , where M stands for rare earth metal ions or yttrium ion. The garnet have cubic unit cell with eight molecules of M

3 Fe 5 O 12 .There is distribution of metal ions among three sites such as octahedral, tetrahedral and dodecahedral. Due

to larger ionic radius rare earth ions are occupied only at dodecahedral site having bigger space and not occupied at

tetrahedral and octahedral sites. 1.5.3 Hexagonal ferrite The Hexagonal ferrites was first recognized by Rathenau, Gorter,

Went, and Van Oostershout in 1952 [12] and in 1956 byJnker, Braun and Wijn.Hexagonal ferrites are extensively employed

as permanent magnets. The crystal structure of hexagonal ferrite is hexagonal and rhombohedral with chemical formula

MFe 12 O 19 , where M corresponds to divalent ion having large ionic radius like barium, lead or strontium. Further these

ferrites are categorized into M, W, Y, X, Z and U. This class of ferrite materials possesses high coercivity and is useful at very

high frequency applications. In comparison with garnet ferrite, hexagonal ferrites contain larger ions such as barium, lead

or strontium. 1.6 Applications of Ferrites Ferrites have extensive applications from microwaves to radio frequencies Ferrites

are considered as good magnetic materials as compared to pure metals since they have lower cost, easy to manufacture,

high resistivity and better magnetization properties.Mostly ferrites are employed in fly back transformer in TV picture tube,

telephone exchange, memory cores of computers audio-video and digital recording, broad band transformer, in radar

and antenna cores in radio receivers [13-15]. Soft and hard ferrites are two categories of ferrites which are superior

magnetic materials. Soft ferrites are used in core materials such as transformers, inductors, data storage devices, magnetic

audio heads, radio/television, amplifiers, telecommunications, switching elements in microwave devices, and core

memory in electronic data processing equipments, etc [16]. Hard ferrites have various applications such as in sensor

technology, segment magnets in motors, toy magnets, watch industries, household appliances, generators for magnetic

clutches, etc.The

Chapter 1 8 A.D.Patil Ph.D. Thesis Introduction to Ferrites electrical conductivity of ferrites is small than that of

ferromagnetic materials and hence are applicable at high frequency due to no eddy currentlosses.Generally ferrite devices

used at higher frequeny such as circulator, phase shifters and isolators [17- 20].Nano materials of Ferrites are also used in

the treatment of hyperthermia [21], radiotherapy, drug delivery and AC magnetic field assisted cancer therapy [22-

24].Mostly in large number of electronic circuit‟s as impedance matching networks, voltage controlled oscillators, filters

and low noise amplifiers ferrite as inductive component is used.Ferrites are also exploited as multilayer chip inductor, in

surface mounting devices electromagnetic wave absorber transformer core electro-magnetic interference (EMI)

suppression [25-28]. The most significant properties of ferrites at lower and higher frequency applications are initial

permeability (µi), saturation magnetization (Ms), losses and coercive force (Hc). By changing the compositions or

preparation method or by adding additives, everyone can control the majority factors for any particular applications. 1.7

Review of Literature Many researchers used different additives in various spinel ferrites to study their effect on the

properties of ferrites. Additives play very significant role in the contribution to magnetic properties of sintered ferrites.

Addition of small amount of additives can improved the electromagnetic properties while too much amount of additives

may decline magnetic properties. The impact of different additives in Ni- Cu-Zn ferrite along with some different ferrites is

reviewed below. K. Yazhou Wang et al [29] observed the influence of additives Nb 2 O 5 and MoO 3 on NiCuZn ferrites. It

was reported that the additives Nb 2 O 5 and MoO 3 shows progress in the densification, grain growth and increase in

magnetic properties.The influence of Ta 2 O 5 doping in MnZn ferrite were investigated by Znidarsic et al [30] and showed

that Ta 5+ present in grain boundaries and hence magnetic loss decreases. Li et al [31] found that when addition of Ta 2 O

5 is up to 0.04 wt. %, enhancement in grain size and if it is larger than 0.04 wt. % then there was abnormal grain growth

and porosity. Ke Sun et al [32] worked on Ni MgCuZn ferrites by co doping Ta 2 O 5 –Co 2 O 3 additives and found that,

there was decrement in sintering density by inhibiting the
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Chapter 1 9 A.D.Patil Ph.D. Thesis Introduction to Ferrites grain growth with the increase in doping of additives.Sea –Fue

Wang et al [33] studied Ni 0.38 Cu 0.12 Zn 0.50 Fe 2 0 4 by adding Bi 2 O 3 additive. The result indicated that a smaller

amount of Bi 2 O 3 addition as well as low sintering temperature are needed for attaining same densification for ferrites

synthesized by wet chemical coating process as compared with solid state mixing. Further, higher values of B r and B s

and lower value of H c are gained by the samples produced by wet chemical coating method than that of solid state

mixing process. Jeong et al [34] observed the impact of Bi 2 O 3 additive on the electromagnetic and microstructure

properties of Ni Cu Zn ferrite. They found that there was enhancement in bulk density and grain growth with raise in

content of Bi 2 O 3 .If content of Bi 2 O 3 greater than 0.5wt. % then there was abnormal grain growth. Also the sample

having 0.25wt. % Bi 2 O 3 additive exhibits uniform microstructure, good quality factor and maximum value of initial

permeability. N. Chu et al [35] worked on Ni Cu Zn ferrite by low Mn doping and found that there was reduction in

saturation magnetization of the samples with enhancement in Mn 2+ concentration. For toroidal samples B r and B s

reduced with Mn 2+ concentration equal to 0.02. Also, there was increment in values of B s and B r with increase in

sintered temperature whereas reduction in coercivity (Hc).Further, secondary maximum and low frequency permeability

enhanced with sintering temperature. Rathi et al [36] investigated properties of NiCuZn ferrite by Titanium doping and

observed the reduction in values of x ray density and lattice constant with rise in concentration of titanium.Average

crystallite size were observed in between 35-45nm. Decrement in dielectric constant with enhancement in frequency and

at higher values of frequency it remains constant. Further, saturation magnetization reduced with increment in

temperature as well as content of titanium. Y. Yang et al [37] synthesized NiCuZn ferrite from solid state method with

doping TiO 2 additive. They found that with TiO 2 doping there was decrement in permeability while increment in

permittivity values. The DC resistivity increases, dielectric loss tangent reduced with the increase in composition of TiO 2

in NiCuZn ferrite. The SEM analysis revealed compact and uniform ferrites with small grains were formed by controlling

grain growth. Finally, they reported that Synthesized NiCuZn ferrite ceramics having high equivalent values of permittivity

and

Chapter 1 10 A.D.Patil Ph.D. Thesis Introduction to Ferrites permeability and low dielectric loss tangent are superior for

very small scale antenna substrate materials. Wang et al [38] studied Ni 0.38 Cu 0.12 Zn 0.50 Fe 2 O 4 ferrites with the

doping of different wt% of Bi 2 O 3 , PbO: SiO 2 and PbO:B 2 O 3 and by changing sintering temperature. The result

showed that initial permeability and density enhanced while quality factor and resistivity reduced with increment in

sintering temperature. Also, with the variation in concentration of additives the performance of other factors was noted.

The influence of Ti 4+ doping on Magnetic, Electrical and Structural Propertiesof Ni 0.4 Cu 0.2 Zn 0.4 Fe 2−x Ti x O 4

Ferrites were reported by S. Mazumdar et al [39]. They observed that theoretical density (ρ th ) values are higher than bulk

density (ρ B ) which specified that the pores are formed inside the bulk sample. There was decrement in average grain size

and Saturation magnetization (Ms) with the addition of Ti concentration whereas coercivity (Hc) and remanent

magnetization (Mr) enhanced with Ti. For the sample having composition x = 0.02 showed higher value of real part of the

initial permeability owing to maximum density and homogeneity of the sample. Further, dielectric loss and dielectric

constant are found to be reduced with rise in frequency. They suggested that such material were useful for biomedical

applications and data storage. Cu 2+ doped Zn 0.5 Cu x Mg 0.5-x Fe 2 O 4 Nano-ferrites produced by Co-precipitation

method were investigated by B. Ali et al [40]. The result revealed that with increment in copper concentration lattice

parameter enhanced. The measured values of grain size from the XRD data analyses are in between 15.97 to 28.33 nm.

Spinel ferrite structure of manufactured ferrites were confirmed from FTIR spectroscopy. The computed values of energy

band gap for studied samples are in between 4.04 to 4.67 eV. The impact of the additive V 2 O 5 on the magnetic and

structural properties of Ni-Zn ferrite was reported by M. Patil et al [41]. They found that prepared samples exhibits single

phase cubic spinel structure.Both x- ray as well as bulk density enhances with the V 5+ doping while porosity reduced.

There is decrement in magneton numberand saturation magnetization with increment in content V 5+ than undoped Ni-

Zn spinel ferrite. A. Bhaskar et al. [42] synthesized polycrystalline samples of MgCuZn ferrites doped with 1 % Mnby using

conventional solid-state method and observed the impact of sintering temperature on their properties such as dielectric

and electrical. The result

Chapter 1 11 A.D.Patil Ph.D. Thesis Introduction to Ferrites indicated that Lattice constant, grain size, bulk density initial

permeability and dielectric constant rises with enhancement in sintering temperature whereas DC electrical resistivity

declined. Shuoqing Yan et al [43] studied properties NiCuZn ferrite by doping V 2 O 5 additive. The investigation reveals

that better amount of V 2 O 5 additive considerably rises homogeneous and dense microstructure and the magnetic

properties enhanced.At 0.5 wt. % V 2 O 5 additive doping in NiCuZn ferrite shows excellent properties. They suggest that

such material is better for high-frequency WPC applications.Magnetic and electrical properties of TiO 2 doped Ni 0.35 Zn

0.12 Zn 0.35 Fe 2 O 4 were studied by K. Praveena et al [44]. They found that variation in particle size in between 18 to 35

nm. There was increment in bulk densities, dielectric properties as well as imaginary part ofpermeability of produced
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samples with the TiO 2 content. Further, all the composites shows resonant frequency above 1GHz. 1.8 Aim of The

Present Work Technologically spinel ferrites play very important role owing to low dielectric and eddy losses and high

electrical resistivity. These significant properties make NiCuZn ferrites important in many high frequency, electronic,

electrical, microwave devices, telecommunication and gas sensing applications.

The properties of spinel ferrites depend on distribution of cations between the

tetrahedral (A) and octahedral [B]sites, composition of chemicals used, amount of doping of additives and preparation

method. Nanosize spinel ferrite is found to be better as compare to corresponding bulk form and the soft magnetic

materials have extended applications in future[45]. Therefore the collection of all above information and existing

knowledge in this specific trail, the aim of our work is to fabricate additives doped NiCuZnspinel ferrite by the sol-gel

method and study their influence on the properties of NiCuZn Spinel ferrite. The proposed chemical compositions of the

present work are Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 +X Ta 2 O 5 (X = 0 to 10 wt %) and Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 + XTiO 2

(X = 0 to 10 wt. %).The structural, magnetic, elastic and electrical properties of selected ferrite samples will be investigated

systemically by doping these additives in NiCuZnSpinel ferriteby using standard characterization techniques.

Chapter 1 12 A.D.Patil Ph.D. Thesis Introduction to Ferrites References [1] P. R. Feynman “Miniaturization. Reinhold” New

York,(1961) [2] G. Cao, Nanostructures and Nanomaterials. Synthesis, Properties and Applications. Imperial College Press,

London,(2004) [3] C. Suryanarayana, Bull. Mater. Sci. , 17 (1994) 307 [4] A Alagarasi, Introduction To Nanomaterials (2011)

[5] K. H. J. Buschow, F. R. de Boer, Physics of Magnetism and Magnetic Materials, Kluwer Academic Publishers, New York,

(2004) [6] J. David Griffiths, Introduction to electrodynamics, Pentice Hall of India, New Delhi,(2007) [7] M.E. Lines, A. M.

Glass, "Principles and Applications of Ferroelectric and Related Materials", Clanrendon Press, Oxford, (1997) [8] C. Kittel,

Introduction to Solid State Physics (8thEd.), John Wiley & Sons, Inc., New Jersey, (2005) [9] R. Valenzuela, Magnetic

ceramics, Cambridge University Press, New York, ( 2005) [10] R. Valenzuela. Magnetnic Ceramics. Cambridge University

Press, (1994) [11] E. S. Murdock, R. F. Simmons, R. Davidson. Roadmap for 10 Gbit/in2 Media: Challenges. IEEE Trans.

Magnet, 28(1992) 3078 [12] K.J. Standley,“Oxide Magnetic Materials” 2 ed., Oxford University Press, (1972) [13]

A. Hagfeldth, M. Gratzel, Chem. Rev., 95(1995) 49 [14] S. Prasad, N. S. Gajbhiye, J. Alloys Compd. , 265 (1998) 87 [15] B.

Viswanathan, V.R.K. Murthy: Ferrite Materials. Springer Verlag, Berlin,(1990) [16]

R. Valenzuela, Novel Applications of Ferrites, Phys. Res. Inter.,(2012) [17] Ernst Schloemann , J. Magn. Magnet. Mater.,(

2000) 15 [18] A. J. B. Fuller, Ferrites at Microwave Frequencies. London: Peter Peregrinus,(1987) [19] Martha Pardavi-

Horvath, J. Magn. Magn. Mater.,215,216(2000)171 [20] Vincent G.Harris,Anton Geiler , YajieChen,SoackDae

Yoon,Mingzhong Wu, AriaYang, ZhaohuiChen, PengHe, Patanjali V. Parimi , XuZuo,

Chapter 1 13 A.D.Patil Ph.D. Thesis Introduction to Ferrites Carl E.Patton,Manasori Abe, Olivier Acher, Carmine Vittoria , J.

Magn. Magn. Mater. ,321 (2009) 2035 [21] J. Chandradass and K. H. Kim, J. Alloys Compd. ,509 (2011) L59 [22] A. T.

RaghavenderPh.D thesis, S. R. T. M. University, (2000) [23] HariharanShrikant, James Gass Rev. Adv. Mat. Sci. ,10 (2005) 398

[24] M. Kinoshita, J. Alloy Comp. ,365 (2004) 281 [25] S. C. Watawe, U. A. Bamane, S. P. Gonbare, R. B. Tangsali, Mater.

Chem. Phys. ,103 (2007) 323 [26] J. Azadmanjiri, H. K. Salehani, M. R. Barati, F. Farzan, Mater. Lett.,61(2007) 84 [27] B K

Vijaya Kumar, D. Ravinder, Mater. Lett. , 52 (2002)166 [28] A. A. Goldman, Modern Ferrite Technology Springer US, (2006)

375 [29] Yazhou Wang, Hongqing Zhou, Hongqing Qi, LuchaoRen, ZhimingXu, ZhenxingYue , Ceram. Int., 41(2015)12253

[30] A Zdinarsic, M Limpel and M Drofenik, IEEE Trans. Magn. 31 (1995)950 [31] Li Lezhong, LanZhongwen, Yu Zhong, Sun

Ke, Luo Ming, XuZhiyong , JiHaining , J. Magn. Magn. Mater. 321 (2009)438 [32] Sun Ke , J Wang, Y Yang, Y Li, ZYu, Z Lan, X

Jiang, R Guo, C Wu , Phys. B:Cond. Matt., 476 (2015) 122 [33] S. F. Wang, Y. R. Wang, T. C. K. Wang, C.F. Chen, C. A. Lu, C.Y.

Huang, J. Magn. Magn. Mater.,220 (2000)129 [34] JaillJeong, Young Ho Han, Mater. In elect. ,15 (2004)303 [35] N. Chu, X.

Wang Y. Liu, H.jin, Q. Wu, L. Li, Z. Wang, H. Ge, J. Alloys compds., 470(2009)438 [36] R. Rathi, R. Neogi, Mater. Today;

proced. ,3(2016)2437 [37] Yan Yang, Jie Li, HuaiwiZhang,Gang Wang, Yiheng Rao, GongwenGan, J. Magn. Magn. Mater.

,487(2019)165318 [38] S. F. Wang, Y. R. Wang, T. C. K. Wang, P. J. Wang, C. A. Lu, J. Magn. Magn. Mater., 217 (2000) 35 [39]

S.C. Muzumdar, F. Alam, U. H. Tanni, K. Kali, B. C. Das, M. N. Khan, J. Mater. Sci. and Applns. ,10(2019) 733 [40] B. M. Ali, M.

A. Siddig, Y. A. Alsabah, Abdelrahman A. Elbadawi 1, Abdalrawf I. Ahmed, J. Advs. in Nanoparticles, 7(2018)1

Chapter 1 14 A.D.Patil Ph.D. Thesis Introduction to Ferrites [41] M.S. Patil, M. N. Sarnaik, V.D. Murumkar, A. A. Pandit, Inter. J.

Inov. Sci., Eng. and technol.,4(2017) 91 [42] A. Bhaskar, S. R. Murthy, Indian J. Phys., 88 (2014) 151 [43] Shuoqing Yan, Sheng

Liu, Longhui He, Jun He, Shengxiang Huang, Lianwen Deng, J. Mater. Res. Exp. , (2019) [44] K. Praveena, K. Sadhana, S.

Srinath, S. R. Murthy, J. Phys. Chem. Solids.,74 (2013) 1329 [45] Barbara Pacakova, SimonaKubickova, Alice Reznickova,

Daniel Niznansky and Jana Vejpravova, Spinel Ferrite Nanoparticles: Correlation of Structure and Magnetism, Magnetic

Spinels - Synthesis, Properties and Applications, Mohindar Singh Seehra, Intech. Open, (2017)



9/44

Chapter 2 15 A. D. Patil Ph.D. Thesis Chapter 2 Crystal Structure and properties of ferrites 2.1 Crystal Structure of ferrite

There are different kinds of ferrite material, out of them spinel ferrite is the imperative class of magnetic materials since

they have outstanding magnetic and electrical properties. Mainly, spinel ferrites are illustrated by formula MFe 2 O 4 where

M corresponds to divalent cations. Spinel ferrite having closed packed cubic crystal structure was initially explained by

Bragg [1] and Nishikawa [2]. The crystal structure of spinel is decided mostly from oxygen ions lattice. In suchformulations,

as compare to metallic ions radii, oxygen ions radii are quite greater. Therefore crystal structure can be considered to be

formed by close packed layer of oxygen atoms, with the metal ions acquire interstitial position such as octahedral (B) and

tetrahedral (A) sites. The octahedral and tetrahedral sites are surrounded by six and four oxygen ions which are located at

corners of octahedron and tetrahedron respectively. The unit cell has 96 interstitial sites (32 octahedral sites and 64

tetrahedral sites), out of 96 interstitial sites, metal cations occupies at 16 octahedral and at 8 tetrahedral sites. According

to Neel [3], magnetic oxides exhibit ferromagnetic nature. The spinel ferrite arrogate O h 7 (Fd3m) cubic space group [4].

Figure1 depicts the spinel ferrites crystal structure with the oxygen ions are represented by white circles whereas metal

ions are represented by the black and hatched circles.

Chapter 2 16 A. D. Patil Ph.D. Thesis Fig.2.1: Schematic of spinel structure unit cell showing tetrahedraland octahedral sites

As per the distribution of metal cations between octahedral [B] and tetrahedral (A) sites [5], there are three types of spinel

ferrites. 1. Normal Spinel 2. Inverse Spinel 3. Random Spinel 2.1.1 Normal spinel In normal spinel ferrite type, at tetrahedral

A sites all the divalent metal ions are occupied while at octahedral B sites all the trivalent ions are occupied. The inversion

parameter in these spinels is zero. The tendency to form normal spinel nature primarily comes from crystal field

stabilization energy. The distribution of cations in normal spinel ferrite is given by formula [M 2+ ] A [Fe 3+ Fe 3+ ] B O 4 2-

e.g. Zinc ferrite and Cadmium ferrite

Chapter 2 17 A. D. Patil Ph.D. Thesis 2.1.2 Inverse Spinel In inverse spinel ferrite type, there is equal distribution of trivalent

ions between octahedral and tetrahedral sites while at the octahedral sites divalent ions are occupied.The inversion

parameter in these spinels has the value „one‟. The formula for distribution of cations in an inverse spinel is represented as

[Fe 3+ ] A [M 2+ Fe 3+ ] B O 4 2- e.g. CoFe 2 O 4 , Fe 3 O 4 and NiFe 2 O 4 2.1.3 Random Spinel The random spinel ferrite

type have random distribution of trivalent ions as well as divalent metal ions at octahedral [B] site and tetrahedral (A) sites.

The inversion parameter in these spinels has the value „2/3‟. The distribution of cations is given as (M 3+ x Fe 1-x 3+ ) A [M

1-x 2+ Fe 1+x ] B O 4 2- e.g Mg Fe 2 O 4 , CuFe 2 O 4 . 2.2 Magnetic Properties The magnetization is a dominant tool for

study of the various factors such as magnetic hardness or softness of material, magnetic ordering, domain wall rotation,

anisotropy etc. The properties of ferrites and ferromagnetic materials are similar in various aspects. In ferromagnetic

material, variation in magnetization from zero to saturation value is due to application of magnetic field and such

performance can be explained by Weiss [6] on the basis of the concept of existence of domains. According to Weiss,

material consists of small regions, called as domain.There exists random orientation of all the domains and hence material

has zero net magnetic moment. When magnetic field is applied to such a material, all the domains are magnetized

towards the applied field. Magnetization varies from one domain to other domain. Therefore net magnetic moment of

material is nothing but addition of magnetic moments of all the domains and hence magnetization values lies in between

zero to saturation.

Chapter 2 18 A. D. Patil Ph.D. Thesis The study of magnetic hysteresis phenomena of ferrites gives us information

regarding remanence ratio (M r /M s ), coercive force (H C ), saturation magnetization (M s ), and permeability. The ferrite

materials are categorized into two types as soft and hard ferrites depending upon values of these magnetic factors. This

classification depends on the magnetic behavior of the material and has no relevance with the physical properties of the

material. Soft ferrites have small coercive force, high magnetic permeability, low remanent magnetization and low

hysteresis losses therefore these ferrites are easily magnetized and demagnetized, while the hard ferrites have high

hysteresis energy losses,high remanence, high saturation flux density as well as high coercivity. Hard ferrites are difficult to

magnetize/demagnetize and are employed in the permanent magnet.The ferrite materials have a particular temperature

termed as Curie temperature (Tc) above which spins are randomly oriented destroying spontaneous magnetization and

material becomes paramagnetic.The permeability achieves maximum value just below Curie temperature and above

which the permeability disappears sharply. Further, ferrites magnetic properties can be divided into two groups as

structure sensitive and intrinsic. Hysteresis and permeability structure sensitive whereas anisotropy, magnetostriction,

Curie temperature and Saturation magnetization are the intrinsic properties [7, 11] 2.2.1 Magnetic Ordering and

Interactions The metal ions are located at the tetrahedral (A) as well as octahedral [B] sites in ferrite. There are three

categories of the magnetic interactions among the metal ions occupied at the tetrahedral (A) as well as octahedral [B]

sites, through the intermediate magnetically neutral O 2- ions by super exchange mechanism such as A-B interaction, A-

A interaction and B-B interaction.During these interactions an anti-parallel orientation of spins are induced since
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interaction energies are negative which was proved experimentally. Generally extent of the interaction energy among the

magnetic ion, Me I and Me II depends upon-i) the distances between magnetic ions and oxygen ion ii) an angle ∅
between Me I - O - Me II as represented in figure 2.2. The exchange energy should be maximum for the angle 180 0 and

there is a rapid decrement in energy with enhancement in distances. Gorter [8] predicted the different probable

configurations of

Chapter 2 19 A. D. Patil Ph.D. Thesis the ions pairs in spinel ferrites with favorable distances and angle for which magnetic

interaction is effective as shown in figure 2.2. Fig.2.2: Angle ? between Me I and Me II with oxygen ion The theory

developed on the basis of sub-lattice interaction depending upon the angles and distances, Neel [3] suitably explained

magnetic saturation data calculated and the magnetic susceptibility values observed experimentally for ferrites. The spinel

ferrite material with various configurations of the ion pairs with possibly various distances and angles primarily decide the

effective magnetic interactions. Depending on the values of the angle ∅ and the distance, it may be considered that, A-B

interaction has maximum magnitude as compare to A-A and B-B interactions. For A-B interaction, there are two

configurations having relatively high values of angle ∅ and small distances (p,q and q,r).The B-B interaction have also two

configurations but only first is effective because in other configuration, for effective interaction distance„s‟ is very much

large. In case of A- A interaction the angle ∅ =180 0 and distance r is quite large and hence it is weakest interaction [9].

The most significant interaction is A-B interaction and two sublattices A and B are oppositely magnetized making the net

magnetic moment nothing but difference between magnetic moments at two sub lattice A and B.Usually, saturation

magnetic moment value at A lattice (M A )

is smaller than that of the B lattice (M B ). Therefore net saturation magnetization (Ms) is represented as M s = |M B -M A |

Chapter 2 20 A. D. Patil Ph.D. Thesis A-B interaction B-B interaction A-A interaction ? = 126° ?=154° ?=90° ?=125° ?=79°

Fig.2.3: Configuration of ion pairs in spinel ferrites with favorable distance and angles for effective magnetic interaction.

2.2.2 Soft and Hard ferrites 2.2.2.1 Soft ferrites The soft ferrite materials do not retain significant values of magnetization

and posses‟ low value of coercive force. A low coercive force value means there was easy movement of domain walls

under the influence of magnetic field which changes in direction or magnitude. Soft ferrite materials are those which can

be easily magnetized and demagnetized without loss of much energy. Further, soft ferrites possess low values of

saturation magnetization and permeability. The soft ferrite materials have relatively very small losses at greater frequencies

and hence they are widely employed in the cores of inductors and radio frequency (RF) transformers. Nickel-zinc ferrite

(Ni- Zn)and Manganese-zinc ferrite (Mn-Zn) are most frequently used soft ferrites. Ni- Zn ferrite possess

maximumresistivity than Mn-Zn ferrite so they are most appropriate above 1 MHz frequencies.Mn-Zn ferrites exhibit

highersaturation magnetization and permeability than the Ni-Zn ferrites.

Chapter 2 21 A. D. Patil Ph.D. Thesis 2.2.2 Hard ferrites The ferrite materials which essentially retain the magnetization and

possess high resistance to demagnetization are termed as hard ferrites. For the fabrication of permanent magnets hard

ferrites are employed. After magnetization they acquire high remanence and coercivity. For the synthesis of hard ferrites

strontium or barium carbonate and iron oxides are used. Also they possess high value of magnetic permeability therefore

they are known as ceramic magnets and are cheap. Hard ferrites have wide applications in household products such as

electrical motors, loudspeakers, refrigerator magnets, magnets in radios.They have greater hysteresis energy losses.

Barium and Strontium ferrite are usually used hard ferrite material for permanent magnet applications while Cobalt ferrite

employed in some media for magnetic recording. 2.3 Transport properties 2.3.1 Resistivity The ferrite material possesses

better electric properties with high resistivity and wide range of frequency applications. Resistivity is most significant

property of any material under consideration for applications and it depends on temperature. In general, the resistivity

increases with increment in temperature in case of metals and decreases in case of insulators and semiconductors.

Thedecrement in resistivity of ferrite with rise in temperature reveals the fact that ferrites are semiconductor in behavior

and room temperature resistivity varies from 10 -3 to 10 11 ohm-cm [10].The parameters such as amount of doping,

sintering condition, distribution of cations among A and B sites, preparationmethod and grain size influences the electrical

properties of ferrites. The electrical conductivity of spinel ferrites is smaller than other magnetic materials and hence they

are employed at microwave frequency applications. In ferrite material, the conductivity is due to existence of Fe 2+ to Fe

3+ ions which are located at octahedral

Chapter 2 22 A. D. Patil Ph.D. Thesis site.The occurrence of Fe 2+ and Fe 3+ ions results in n-type and p -type behavior

respectively [11,12]. The variation in resistivity behavior in ferrite was explained on the basis ofVerwey hopping mechanism

[13]. According to this empirical model, the jumping of electrons among Fe 2+ and Fe 3+ ions which are situated at

octahedral sites causes the conductivity mechanism [14] and resistivity is temperature sensitive. Dependence of resistivity

on temperature is represented by the expression = −∆ Where T is absolute temperature, k is Boltzmann constant and ?E is
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the activation energy. Generally, conduction in ferrites is described with the help of hopping mechanism as below [15]. Fe

2+ + Fe 3+ ? Fe 3+ + Fe 2+ + ?E Where, ?E is the activation energy, necessary for conduction of electron from Fe 2+ to

Fe 3+ and vice versa.Electrical properties of ferrites were explained with various models such as the „small polaron‟ model

which is based on the phonon induced tunneling and hopping of electron. 2.3.2 Dielectric constant Spinel ferrite covers

extensive range of applications in microwave and radio frequencies. Ferrites have low conductivity, which means that they

are useful at microwave applications. Dielectric properties of ferrites depend on various factors such as grain structure or

size, chemical composition and preparation method [16].Polycrystalline ferrites possess high value of dielectric constant

at low frequencies. The AC resistivity values follow the trend of DC resistivity, reducing with rise in temperature, while

dielectric constant enhances with increment in temperature.Number of researchers worked on low frequency dielectric

performance of ferrites. To name a few, are Moltgen [17], Rezlescu [18,19], Iwauchi et al. [20],Josyolu [21], and Koops [22].

The

Chapter 2 23 A. D. Patil Ph.D. Thesis mechanism of dielectric polarization process in ferrite resembles to that of

conduction process[23].Koops [22] proposed a phenomenological theory of dispersion in whichdielectric structure is

composed of two layers, specifically non conducting grain boundaries and good conducting grains as discussed by

Maxwell-Wangner [24,25]. Grains having high conductivity are formed during the process of preparation of ferrite whereas

insulating grain boundaries are formed during the process of sintering. At lower frequencies insulating grain boundaries

are more active while the conducting grains are found to be more active at higher frequencies. Due to applied electric

field, movement of electrons among Fe +2 and Fe +3 ions at B site takes place which is termed as hopping mechanism of

transfer of electrons. Therefore at the grain boundaries electrons are pile up and polarization is produced. At higher

frequency beyond particular frequency of applied electric field, jumping of electrons amongFe +2 and Fe +3 cannot

follow applied field and hence polarization reduced. Thus in case of polycrystalline ferrites size of grains in the

composition is related to dielectric constant.
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Chapter 3 26 A.D.Patil Ph.D. Thesis Chapter 3 Synthesis and Characterization of ferrite material 3.1 Preparation Method

The ferrite material with iron oxide framework are relatively easy, involves lesser processing steps and cheap to synthesize.

The family of ferrites is stable under a wide range of conditions and some family members’ exhibit low toxicity and no

concerns for living organisms.Preparation of material is the most critical step in fabricating novel materials with varying

properties. There are various methods for the production of various materials being explored and practiced. The selection

of synthesis method mainly depends on the question that whether the produced material is yielding well‐dispersed

particles having uniform size and better crystallinity. The availability of choice of tuning the structure and properties of the

materials by simple modification of the conditions is also highly desirable. Among different methods sol gel method is
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most convenient method. This method isused in an extensive variety of fields of materials science to produce nano

particles of metal oxides. It is a wet chemical route and multistep process which involves both physical and chemical

processes.This synthesis process could produce the tiny materials since highly homogeneous starting materials orthe

nitrates are employed for the preparation of materials. The main advantages of the sol gel method are- 1. The process

involves cheap and easy steps to produce metal oxides 2. It requires low temperature

Chapter 3 27 A.D.Patil Ph.D. Thesis 3. Good homogeneity andhigh-purity products are obtained 4. Also, it is capable of

obtaining small sized particles, and uniform powder Flow chart for the steps involved in sol gel process is represented in

figure 3.1. Fig.3.1: Flow chart displays the steps of sol-gel method. Weighing the High Purity Nitrates in Stiochometric Ratio

Dissolve Nitrates in Double Distilled Water. water Add Citric Acid in Molar Ratio with Metal Nitrates (3:1) Add Drop Wise

Liquid Ammonia in the Solution to Maintain 7 Ph Constant Stirring on Hot Plate At Temperature 80°C Dry gel formation

overnight at 100°C Grind the Powder and Perform Calcination at Suitable Temperature Compact By Using Hydraulic Press

and Then Sintered

Chapter 3 28 A.D.Patil Ph.D. Thesis 3.2 Characterization Techniques In present study to obtain various properties of

ferrites, various characterization techniques are used, some of which gives information about physical andchemical

properties and others about morphology and structure. The various characterization techniques selected in the present

work are as below: (1)

X-rays diffraction (2)

Scanning Electron Microscope (SEM) (3) Energy Dispersive Spectroscopy (EDX) (4) Infrared spectroscopy (IR) (5) Raman

Spectroscopy (6) Vibrating Sample Magnetometer (VSM) (7)

LCR Meter 3.2.1 X-ray Diffraction

Now a day, X-ray diffraction is a usual technique for the study of samples in the bulk, powder and thin film form. From this

technique, we can get the information concerning the crystallite size, lattice constant, phase analysis and crystalline

nature of the selected sample material [1, 2]. X-rays are electromagnetic radiation having wavelengths in between 0.01 to

10 nanometers employed in diffraction. X-rays are produced by the reducing speed of fast moving electrons hitting the

metal target which gives rise to broad continuous spectrum and X-rays are named as ‘brehmsstrahlung’ or breaking of

radiation. If the incident electrons have high energy they eject an electron from inner shell of the target atom,then the

vacancy is created which is filled by jumping of electrons from higher shell to lower shell and emits X-rays known as

characteristic X- rays[3].The Bragg's law illustrates a correlation between X-rays wavelength, inter-planar spacing of the

crystal plane and the diffraction angles (Bragg angle). According to the

Chapter 3 29 A.D.Patil Ph.D. Thesis Bragg, the X-rays are reflected from a series of crystallographic planes as revealed in

Figure3.2. Fig.3.2:Illustration of Bragg’s law for crystal The path difference between the two waves travelled through the

adjacent crystallographic planes is investigated by the inter-planar spacing. If the path difference between the two waves

is equal to nλ (n is an integer), the constructive interference will take place and diffraction peaks were observed which

gives a spectrum known as X-ray diffraction spectrum or pattern. The Bragg's law can be represented by equation – 2 sin

= (1) Here‘λ’is the wavelength of the radiations used,‘d’is the distance between two adjacent lattice planes, ‘θ’ is angle of

diffraction and ‘n’ is an integer.Furthermore, this technique is employed to obtain the average crystallite size of the

synthesized nanocrystalline materials. Generally, in case of nano materials a peak broadening is observed and is used to

determine average crystallite size of the particles in material.The crystallite size in the prepared ferrite material was

estimated from the Debye Scherrer’s equation [4] = 0.9 (2) Where θ is the Bragg’s angle, β is the full-width half-maximum

(FWHM), and λ is the wavelength of X-rays. The values of lattice constant can be investigated by using relation

Chapter 3 30 A.D.Patil Ph.D. Thesis = ℎ ℎ 2 + 2 + 2 (3) Where, hkl d is the inter-planar distance and (h, k, l) are the Miller

indices of planes 3.2.2

Field Emission Scanning Electron Microscopy (FE-SEM) Scanning electron microscopy (

SEM) is a prominent and multipurpose tool for characterization of materials which is able to geta high-quality complete

profile of the sample under consideration [5]. Scanning electron microscope (SEM) is an electron microscope and image

is acquired by scanning the converged electron probe across surface of the sample in a raster scan pattern. The electrons

after traversing the vacuum chamber interact with the sample and generate different types of signal which includes back

scattered electrons (BSE), transmitted electrons and sample current, secondary electrons and characteristic X-rays. These

signals are utilized to get information regarding morphology, composition, orientation of grains, crystallographic
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information, topography, chemistry etc. of a material. These various signals are collected by detectors and with the help

of computer processed image is investigated for further analysis. The most commonly used signal to form image in SEM is

secondary electron emission signal generated by interaction of electron beam with the sample which have small amount

of energy about 3-5eV and hence provide topographic information with fine resolution. One more important method of

obtaining image in SEM is with the help of finding of back scattered electrons (BSE) which gives topographic and

compositional informationof the sample. Further Characteristic X-rays are produced from the interaction of electron

beam with the sample. When an inner shell electron is ejected by collision with incident electron, vacancy is formed

which is filled by falling of electrons from higher shell to lower shell and emits X-rays known as characteristic X-rays. The

characteristic X-rays are employed to receive the chemical and elemental information in the sample. The experimental

arrangement of Scanning electron microscopy is depicted in figure3.3.In the present work, the JEO JSM 6360 Field

Emission Scanning Electron Microscope is employed for microstructure analysis of the fabricated samples.

Chapter 3 31 A.D.Patil Ph.D. Thesis Fig.3.3: Scanning electron microscope (SEM) diagram 3.2.3 Energy Dispersive X-ray

Spectroscopy: Energy dispersive X-ray spectroscopy (EDX) is a chemical nondestructive technique used along with

scanning electron microscopy (SEM). Analysis of constituent elements of material or specimen was done by using energy

dispersive X-ray spectroscopy [6]. When an electron beam is incident on sample, X-rays are emitted which are detected

by EDX techniques. As electrons are incident on the sample, electrons knock out from the atoms of the sample surface

and vacancies are created. These vacancies are filled by jumping of electrons from higher state and the X-rays are emitted

having energy equal to energy difference between the lower energy state and the higher-energy state. The energy of x

rays and number of x rays released from the sample are analyzed by an EDX-detector to obtain constituent elements of

the sample and hence to measure percentage of elements .

Chapter 3 32 A.D.Patil Ph.D. Thesis 3.2.4 Fourier Transform Infrared Spectroscopy (IR) Fourier transform infrared

spectroscopy (IR) is most extensive spectroscopic technique which is used in the field of organic and inorganic materials

studies owing to its knack in investigating and identifying the structures of compounds. In FTIR, a beam of infrared part of

electromagnetic spectrum is selected. After passing through an interferometer and then through the sample directly a

signal is formed, called an ‘interferogram’ then a spectrum can be obtained by performing a Fourier transform on the

interferogram.The diagram of FTIR is shown in figure 3.4. Fig.3.4:Schematic representation of FTIR In present study, Fourier

transform infrared spectra of all the samples in KBr medium were obtained between 350?1000 cm -1 at room

temperature on Jasco model 310 spectrophotometer. From Waldron [7] analysis the force constant values of ions at

tetrahedral (F t ) and octahedral sites (F 0 ) were calculated. With help of Gorter [8] formula, bond lengths R B and R A for

octahedral [B] and tetrahedral (A) sites in a cubic crystal were investigated from IR spectra. 3.2.5 Raman Spectroscopy

Raman spectroscopy is most significant scattering technique which is based on Raman Effect. Raman Effect was first

discovered by Indian scientist C. V. Raman in 1928. Raman Effect - when monochromatic rays are incident on the

material, they interact with the molecules of the material and gets scattered in all directions. The

Chapter 3 33 A.D.Patil Ph.D. Thesis scattering process can be divided depending upon the difference in frequency of

incident and scattered rays. If the incident rays and scattered rays have same frequency, the scattering process is called

Rayleigh scattering and if scattered rays have different frequency from that of incident one, such scattering process is

known as Raman scattering. Further, the frequency of scattered rays is either greater or lower than the frequency of the

incident rays depends upon special scattering process. The energy of incident rays (photon) is ‘hν’.If the scattered light

radiations have energy equal tohν- ∆Ethen this scattering process is termed Stokes Raman Scattering. In stokes Raman

scattering ∆E amount of energy is used by the molecule or material system in order to get transitions among rotational or

vibrational energy levels in the system. On the other hand if the scattered light radiations will have the energy equal tohν +

∆Ethen this type of scattering is called as Anti-stokes Raman scattering. Hence rays scattered with greater frequency than

that of incident rays frequency are known as anti-stokes’ radiations whereas rays scattered with low frequency are called

as Stokes radiations [9-11]. Figure 3.5 represents energy level diagram and energy transitions for Infrared, Rayleigh, Stokes

and Anti-Stokes Raman scattering. Fig.3.5:Energy level diagram for Raman scattering; (a) Stokes Raman scattering (b) anti-

Stokes Ramanscattering The Raman Spectrometer consists of monochromatic source (Laser) of light. The radiations from

the laser source are incident on the sample and gets scattered. These scattered radiations are directed towards the lens

and passed into a grating monochromator. CCD camera or photomultiplier tube measures the signal further it is

Chapter 3 34 A.D.Patil Ph.D. Thesis analyzed by a computer and it provides the Raman spectra. Figure 3.6 reveals the

diagram of a Raman spectrometer. . Fig. 3.6:Schematic diagram of Raman Spectrometer 3.2.6 Ultraviolet Visible Diffuse

Reflectance Spectroscopy (UV- Vis.DRS) Diffused reflectance spectroscopy is a widespread technique in which reflection

of light in near-infrared (NIR), visible (VIS) and ultraviolet (UV) region takes place by sample in powder or in crystalline form

and if the sample is in liquid state then UV- visible spectroscopy method were employed. Diffuse reflectance
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spectroscopy is much related to UV-visible spectroscopy because in these methods visible light is utilized for excitation of

valence electrons to vacant orbital’s inside the sample . The simple difference is that in diffused reflectance spectroscopy,

variation in amount of reflected light from the sample surface is considered while in UV-visible spectroscopy transmitted

light is measured after passing through solution. In addition, to trace absorption spectra of the sample dispersion medium

is essential in UV-Vis spectroscopy whereas in DRS it is not necessary to record spectra. Along with the UV-visible

instrument an integrated sphere is organized for measurement of diffused reflectance spectra. An integrated sphere is

layered by white standard and is made to receive reflected light by the sample and the standard. The suitable selection of

coating material for the integration sphere and

Chapter 3 35 A.D.Patil Ph.D. Thesis reference standard is also important in DRS measurement [12]. The figure3.7shows

diffuse reflectance spectrophotometer with integrated spheres. Fig.3.7:Schematic diagram of diffuse reflectance

spectroscopy In present study UV-visible diffuse reflectance spectra of the sample were done on UV-Vis. DRS Jasco

spectrophotometer ModelV-670. 3.2.7 Vibrating Sample Magnetometer (VSM) The working of vibrating sample

magnetometer (VSM) is based on Faraday’s law of electromagnetic induction. This device is employed to study magnetic

properties of various materials. In 1959, Simon Foner designed the first Vibrating sample Magnetometer in laboratories of

Lincoln [13].In the VSM the sample under investigation is placed in constant magnetic field which is produced in between

the poles of electromagnet. Due to this constant magnetic field, sample will be magnetized by aligning dipole moment in

the direction of field. If the applied constant field is stronger, then the magnetization will be larger. The dipole moment of

the studied sample will produce magnetic field around the sample which is known as magnetic stray field. At the same

time sample is kept under sinusoidal vibrations, and in the set of stationary pick-up coils an electrical signal is induced

which is related to magnetic moment of the sample.The magnetic moment of the sample depends upon induced current.

If the induced current will greater then magnetic moment will also higher. Figure 3.8 displays the diagram of VSM.In the

present study,magnetic properties of prepared samples were done on vibrating sample magnetometer (VSM) (Quantum

Design PPMS-VSM) at 2K and room temperature.

Chapter 3 36 A.D.Patil Ph.D. Thesis Fig. 3.8: Schematic system overview of VSM

The relationship between induced magnetic flux density (B) and magnetizing force (H)

can be illustrated from hysteresis curve which is considered as M-H or B-H loop.Figure 3.9 shows hysteresis loop for

spinel ferrite which gives information about magnetic properties of ferrites such as remanence magnetization (Mr),

coercivity (H C ), magnetization (Ms) etc. Fig.3.9: Hysteresis curve for a spinel ferrite.
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methods employed for the determination of the DC resistivity of samples [14]. Electrical properties such as activation

energy and DC resistivity of the samples were studied by two probe method. This method is very simple as compare to

four probe method. The DC resistivity of the ferrite samples with variation in temperature was investigated by two probe

method. The samples in the form of cylindrical pellets were polished and for fine ohmic contact silver coating

wereapplied on both the surfaces. The sample is fixed in a sample holder and the sample holder is kept in temperature

controlled muffle furnace. With the help of a stabilized power supply unit 3V constant voltage is supplied and the current

corresponding to the variation in temperature is measured in a digital nano /micro ammeter. The figure 3.10 represents

diagram of two probe method.The DC resistivity of the samples were obtained from the equation ρ = R × A t (4) Where

t is the thickness of the sample, A is cross-sectional area of the sample, is the resistivity and R is the resistance of the

sample. The graphs of log ρ versus 1000/T were plotted and the activation energy of the samples were investigated from

the relation, = −∆ (5) Where, K is Boltzmann constant, is the resistivity of the sample, T is absolute temperature, ρ 0 is

constant and E is activation energy

Chapter 3 38 A.D.Patil Ph.D. Thesis Fig.3.10: Diagram of DC resistivity measurement method 3.2.9 Dielectric Properties

LCR meter were used to measure the inductance, resistance, impedance, loss factor, capacitance etc. of the materials.

The LCR-Q meter Hioki (3250) was used to compute

dielectric constant (ε′), loss tangent (tanδ) and AC conductivity

as a function of frequency

in

the range 50 Hz
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to 5 MHz

at room temperature.

The

synthesized pellets form a parallel plate capacitor by using silver coating on either side to make good ohmic contacts and

dielectric material as a ferrite material for measurement of ac impedance and dielectric. 3.2.9.1 Dielectric Constant: The

dielectric constant (ε′) was obtained from the equation ε ′ = C×d ∈ 0 ×A (6) Where, A is area

of the pellet, ε 0 is the permittivity of the free space,

d is thickness of pellet and C is capacitance of the material.

Chapter 3 39 A.D.Patil Ph.D. Thesis 3.2.9.2 Dielectric Loss tangent (tanδ) There is loss of energy in a dielectric material in a

changeable electric field is considered as dielectric loss. As soon as the polarization lags behind the applied electric field,

the dielectric loss occurs and is because of imperfections and impurities in the crystal lattice.The dielectric loss tangent

were computed from the equation tan δ = ε?/ ε´. (7) 3.2.9.3 AC conductivity AC conductivity represents the capacity of

material to conduct electric current. Across a conductor if potential difference is applied then movable charges flow

through the conductor which gives an electric current. The reciprocal of electrical resistivity is the conductivity. Further,

depending of electrical conductivity the materials are divided into metals, semiconductors and insulators. Metals have

high conductivity and hence are good conductors while the semiconductors are in-between metals and insulators

whereas insulators are bad conductors.The sum of dc conductivity and ac conductivity of any material is nothing but total

conductivity and represented by relation ζ tot (ω) = ζ dc + ζ ac (ω) (8) Where, ζ ac (ω) is the ac conductivity, ζ dc is the dc

conductivity and ζ tot (ω) is the total conductivity. The relation to obtain the values of ac electrical conductivity ζ ac was

given as ζ ac = 2πf tan δ ε′ ε 0 (9)
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Chapter 4 41 A. D. Patil Ph.D. Thesis Chapter 4 Result and Discussion on Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 +xTa 2 O 5 (X=0-10

wt.%) 4.1.

Introduction

The study of spinel ferrite is of great importance from both fundamental and

technological point of view because of their excellent structural, electrical and magnetic properties. There are different

types of spinel ferrites among them NiCuZn ferrite is a unique spinel ferrite possessing high permeability and high

electrical resistivity [1, 2]. Therefore, NiCuZn ferrite is considered as one of the most interesting soft magnetic materials for

high frequency applications. However, preparation of these NiCuZn ferrites at low temperature with high bulk density is

vitally important for their practical application. The properties of ferrites are depend upon various factors such as method

of preparation, pH value, sintering temperature, amount and type of substitution, and most important being the

distribution of metal cations at the tetrahedral and octahedral sites in the spinel lattice [3, 4]. It is known that, introduction

of a relatively small amount of additive such as CaO, ZrO 2 , Ta 2 O 5 Na 2 O,V 2 O 5 , and Bi 2 O 3 can brought an

important modification in structural and electro-magnetic properties of ferrites [5–7]. N Rezlescu et al. [8] reported that

Na 2 Oand CaO increase the sintering density and electrical resistivity whereas ZrO 2 increases permeability of Ni-Zn

ferrite. Jun Xiang et al [9] studied NiCuZn ferrite and observed variation in the magnetic properties at room temperature

and at 77 K. Yazhou Wang et al [10] studied Nb 2 O 5 and MoO 3 additives effect on the NiCuZn ferrites and observed that

these additives promote the uniform grain growth that further improve the densification and enhanced the magnetic

properties. Sea-
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Chapter 4 42 A. D. Patil Ph.D. Thesis Fue Wang et al [11] used the PbO.SiO2, PbO.B 2 O 3 as well as glass former (i.e. PbO:

SiO 2 , or PbO: B 2 O 3 ratio) and noted some changes in the structural and magnetic properties of the NiCuZn ferrite.

Xiaohui Wang et al [12] reported that there is an increase in permeability in NiCuZn ferrite with optimized amount

ofMndoping. The Ta2O5 is one of the additives used by Znidarsic et al [13] and Li et al [14]. Znidarsic et al reported that

doping of Ta 2 O 5 in MnZn ferrite reduce the magnetic loss due to presence of Ta 5+ in the grain boundaries. Li et al

observed that when Ta 2 O 5 doping is less than 0.04 wt%, the grain size of the sample increases, and if it is greater than

0.04% porosity and grain growth show abnormal growth. K Sun et al [15] investigated the influence of Ta 2 O 5 – Co 2 O 3

co doping in NiMgCuZn ferrites. The result shows that by addition of additives the sintering density reduces via inhibiting

the grain growth. Nagarajuet al. synthesized Ta 2 O 5 nanoparticles [16] by the ultrasound-assisted method. It is observed

thatTa 2 O 5 nanoparticles superior for the biological activities against breast cancer cell line and the human pathogens

and important in thepharmaceutical industries. Ta 2 O 5 nanoparticles [17] are prepared by laser ablation method and its

antibacterial properties are studied. It was reported that Ta 2 O 5 nanoparticles have orthorhombic crystal structure with

outstanding antibacterial performance against Escherichia coli bacteria. Liuet. al [18] investigated doping of Nitrogen in Ta

2 O 5 and result showed that sample doped at 650 ° C have maximum photo catalytic hydrogen production efficiency

than all the prepared samples. Kao et. al. [19] reported that the Ti-doped high-k Ta 2 O 5 have larger breakdown electric

field, greater dielectric constant and smaller gate voltage shift than of undoped Ta 2 O 5 dielectric. Seetha Rama Raju

studied Ta 2 O 5 and PbO doping in MgCuZn [20]. It was presented that addition of PbO into ferrite improves sintered

density, bulk density and elastic wave velocity as compared with Ta 2 O 5 . Yamamotoet al.[21] investigated effect of Ta

doping in MnZn ferrite. It is seen that small amount of addition Ta to the ferrite increases electrical resistivity, while

excessive amount of Ta decreases resistivity without grain growth [15, 22].There are reports available on Ta 2 O 5 doping in

MgCuZn ferrite mentioning that with increase in Ta 2 O 5 there is increase in cation vacancy and decline resistivity of the

sample. Seetha Rama Raju[23] studied Ta 2 O 5 added MgCuZn ferrites and found that with the addition of Ta 2 O 5

resistivity decreases without grain growth. The

Chapter 4 43 A. D. Patil Ph.D. Thesis value of ε’ and tanδ initially decreased up to 100 kHz and nearly remains constant up

to 300 MHz and further increased with increase in frequency up to 1 GHz for all prepared samples 4.2. Methodology The

selected NiCuZn ferrite was prepared with a composition of Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 using sol–gel method. A. R.

grade nickel, zinc, copper and ferric nitrates and citric acid were considered as starting materials. The known

concentration of metal nitrates as well as citric acid was dissolved in 200 ml double distilled water to form clear solution.

The pH 7 of the solution was adjusted by drop-wise addition of ammonia. The prepared solution was heated to 80°C on

the hot plate with vigorous stirring to form the powder. Formed loose powder was grinded in an agate mortar and

calcinated at 400 °C for 5 h. This powder was mixed with selected additive Ta 2 O 5 (0 to10 wt. %) and again grinded for

45 min before calcinating at 600 °C for 2 h. The pellets of size 10 mm diameter and 2 to3 mm thick were prepared and

sintered at 950 °C for 4.30 h before used for characterization. The ferrites sintered at 900 °C possess high density and

permeability and hence suitable for the applications such as multilayered chips [47]. Therefore, in the present study, the

final sintering temperature of 950 °C was applied. TheXRDpatterns for samples were taken at room temperature using X–

ray diffractometer(Philips X’Pert instrument) in 2θ range of20–80° with Cu-Kα radiation (wavelength λ = 1.54056 Å). SEM

was carried out to analyze microstructure of samples on JEOJSM 6360 SEM. Fourier transform infrared (FTIR)

spectroscopic analysis was performed in KBr medium usingJasco model 310 spectrophotometer. Magnetic hysteresis

loops were measured at 2Kand 300Kusing vibratingsample magnetometer (Quantum Design PPMS-VSM). Absorption

measurements were carried out using UVVisiblediffuse reflectance spectroscopy (UV-Vis. DRS Jasco spectrophotometer

ModelV-670). The DC electrical resistivity properties of all ferrite samples were measured by using two probe method in

the temperature range 300 K to 700 K with silveras a good Ohmic contact material. The frequency dependent dielectric

properties such asdielectric constant, the dielectric loss tangent, and the AC conductivity are also measuredat room

Chapter 4 44 A. D. Patil Ph.D. Thesis temperature using Hioki (32-50) LCR-Q meter. The variation in frequency was

measured

in the range 50Hz to 5 MHz. The dielectric constant was estimated using formula; A d C p ? ? ? 0 ' ? ? (1) Where Cp is

parallel capacitance, d is thickness

of sample, and A is area of pellet. 4.3. Result and discussion 4.3.1.Structural properties Rietveld refinement using

FULLPROF software [24] was carried out for the phase analysis of all the synthesizedferrite samples (Figure4.1). Rietveld

refined parameters such as weighted profile R-factor (Rwp), expected R values (Rexp) and goodness fit factor (χ 2 ) are

given in Table4.1. It is observed from Figure4.1 that the refinedXRDpatternshows two phases; one is the cubic spinel

structure with space group Fd3m and other with space groupP42/mnm. Small percent of the secondary phase is

observed in theXRDpattern which is indexed as FeTaO 4 phase (space group P42/mnm). The lattice constant (a) was
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calculated using the relation: a = d hkl h 2 + k 2 + l 2 (2) Where d hkl is the interplanar distance and h, k, l are the Miller

indices of planes. Values of lattice constants are given in Table4.2. The lattice constant decreased with the increase in Ta 2

O 5 doping and obeying Vegard’s law [25]. The similar nature of lattice constant for various dopant additions indifferent

types of ferrites were reported by several investigators [26–28]. There is possibility that Ta ions enters into the spinel lattice

of NiCuZn ferrite causing change in the lattice constant. It is known that

the variation

in thelattice constant may be due to the difference in ionic radii of

Ta, Ni, Cu, Zn and Fe ions. The ionic radii of

Ta 5+ (0.64 Å) less than that of Ni 2+ (0.69 Å) and Fe 3+ (0.67 Å). The average crystallite size (D) for ferrite werecalculated

using the most intense (311)

peak inXRDand using Debye–

Scherrer’s formula [29] D = 0.9 λ βcosθ (3) Where λ is the wavelength of x-rays, β is the full width at half-maximum

(FWHM)

and θ is the

Bragg’s angle. The calculated values of crystallite size lie in range of

Chapter 4 45 A. D. Patil Ph.D. Thesis 36−55nm(Table4.2) indicating the nano size of the preparedferrite particles. Bulk

density (dB) was calculated using the mass and volume of the pellet samples. Table 4.2 shows the variation in the X-ray

density and bulk density with Ta 2 O 5 additive. The x-ray density increased with the increaseof Ta 2 O 5 additive

concentration which is attributed to fact that the density of the Ta ions (16.69 g cm −3 ) isgreater than that of Zn (7.14 g

cm −3 ), Fe (7.87 g cm −3 ), Ni (8.908 g cm −3 ) and Cu (8.96 g cm −3 ).The bulkdensity increased with Ta 2 O 5 additive

concentration. This may be due to the fact that Ta ions (180.94 a.m.u.)having a greater atomic weight than that of Ni

(58.69 a.m.u.), Fe (55.84 a.m.u.), Cu (63.54 a.m.u.) and Zn (65.38 a.m.u.) atoms. It is also observed that X-ray density is

greater than bulk density. The change in X-raydensity and bulk density may be because of the existence of pores in the

sample, which is depend upon themethod of preparation, sintering temperature and sintering condition. The allied

parameters Further, the structuralrelated parameters such tetrahedral and octahedral hopping length (L A and L B ),

tetrahedral and octahedral bond lengths (d AX and d BX ), tetrahedral edge, octahedral shared and unshared edges (d AXE

, d BXE and d BXEU ) for Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 doped with Ta 2 O 5 additivewere synthesized by sol gel method

can be obtained by using oxygen positional parameter ‘u’and lattice constant ‘a’ values in the followingrelations [30, 31]. =

a 3 4 (4) = a 3 2 (5) = 3 − 1 4 (6) = 3 2 − 11 4 + 43 64 1 2 (7) = 2 2 − 1 2 (8) ℎ = 2 1 −2 (9) ℎ = 4 2 − 3 + 11 16 1 2 (10) The

investigated values are summarized in Table 4.3, which shows that the tetrahedral and octahedral hopping lengths as well

as tetrahedral edge and octahedral
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less ionic radii of Ta 5+ (0.64 Å) than that of Ni 2+ (0.69 Å) and Fe 3+ (0.67 Å) ions. 4.3.2.Field Emission Scanning Electron

Microscopy The FESEM characterization is used to identify the surface morphology of ferrite. Figure 4.2 shows

FESEMimages for 0, 1, 3 and 10 wt. % Ta 2 O 5 additive concentrations. It is observed that the particles and grains are

uniformlydistributed. Some of the particles were agglomerated due to the presence of the magnetic interactions among

thegrains/particles. Figure 4.3 shows energy dispersive x-ray (EDX) spectroscopy patterns. The peaks observed in EDX

patterns are related to the constituent ions in the samples where no impurity phases/elements were detected. This

confirms the purity of the samples for composition of theNi 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 withTa 2 O 5 additive. 4.3.3 Fourier

Transform Infrared (FTIR) Spectroscopy FTIR is used to investigate the structural properties and distribution of cations

among the tetrahedral andoctahedral sites of spinel NiCuZn ferrites. Figure 4.4 shows the FT-IR spectra of all the samples

in the frequencyrange of 800–350cm −1 . In FTIR spectra two major absorption bands (υ 1 and υ 2 ) are observed near

600 cm −1 and 400 cm −1 corresponding to tetrahedral and octahedral sites respectively. These bands are a

commoncharacteristic feature of spinel ferrites [32]. Values of absorption bands (υ 1 and υ 2 ) are listed in

Table4.4.Waldron [33] attributed these υ 1 and υ 2 bands observed at around 600 cm −1 and 400 cm −1 to the intrinsic

vibration oftetrahedral and octahedral metal oxygen complexes respectively. It has been observed from Figure 4.4 and

Table4.4that the frequency of tetrahedral and octahedral bands varies with the Ta 2 O 5 additive. In order to elaborate

thespectra, we have calculated the ratio of tetrahedral to octahedral (υ 1 /υ 2 ) (Table4.4).The force constant of ions at the

tetrahedral and octahedral sites can be calculated using frequencies of υ 1 andυ 2 in the following relation [34]: = 4 2 2 2
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(11) Where F is the force constant, c is the light velocity 2.99×10 8 m s −1 , υ is the vibration frequency of thetetrahedral

and octahedral sites, µis the reduced mass for the Fe 3+ andO 2−
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bond lengths of cations and oxygen ions at the tetrahedraland octahedral site in Ta 2 O 5 additive spinel NiCuZn ferrite.

No systematic trend of variation is observed in the υ 1 / υ 2 ratio indicating that the Ta 2 O 5 additive does not significantly

alter the site occupancy of cations present inthe Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 ferrite system. 4.3.4 The UV–Vis. Diffused

Reflectance Spectroscopy The optical properties of NiCuZn ferrite with Ta 2 O 5 additives werae studied by UV–Vis.

diffused reflectancespectra. Figure 4.5 shows the absorbance spectra of the synthesized NiCuZn ferrites with the

differentconcentration of Ta 2 O 5 additive. It is observed that all the samples show optical properties in the visible

region.As evident the broad absorption observed in the blue region of 500–600 nmand interestingly the

absorptionincreased with Ta 2 O 5 additive. The increase in absorption is related to increase in Ta 2 O 5 , bulk density

andparticle/grain size. It is observed that all samples in the visible region the absorption in the range 700–800 nm.The

absorption edge in the visible region of ferrite nanoparticles is in relation with the electron excitation fromO-2p level into

the Fe-3d level for the ferrites. The KubelkaMunk function was used to calculate the equivalenceabsorption coefficient by

converting the diffused reflectance as given by: [35] = = 1− 2 2 (12) Where F(R) is KubelkaMunk function, α is absorption

coefficient and R is reflectance avalue. Furthermore, theabsorption coefficient values are used to estimate band gap

energy by using Tauc relation: ℎ = (ℎ − ) 2 (13) Where h is photon energy and E g is the activation energy. Figure 4.6 shows

the band gap energy estimated byplotting a graph of ( h ) 2 = [F(R) h ] 2 versus h . Band gap energy of the samplewas

calculated byextrapolating ( h ) 2 = [F(R) h ] 2 in liner regions. The calculated values of band gap energy of present samples

are ranging from 2.55 to 2.90 eV. Further, it is observed that band gap increased for≤5 wt% Ta 2 O 5 additiveconcentration,

further increase in Ta 2 O 5 for<5 wt% decrease the band gap energy.
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sample magnetometer (VSM) at 2 Kand 300 K. The Figure4.7(a) for VSM the typical samples for 2 wt%, 3 wt% of Ta 2 O 5 at

temperature 2 KandFigure4.7(b) for allsamples at temperature 300 Kthe value of magnetic parameter that is saturation

magnetization (Ms), coercivity(Hc) and remanence magnetization (Mr) are listed in Table4.5. It is found that for lower

magnetic field, magnetizationincreases rapidly and attains saturation at higher magnetic field. It is also observed that

saturation magnetization (Ms) decreased with the increase in Ta 2 O 5 additive concentration. The gradual decrease in the

saturation magnetization by increasing Ta 2 O 5 additive may be related to the fact that; Ta 2 O 5 could form a magnetic

insulating layer over the grain surfaces. This magnetic insulating layer possibly prevents the inter-particle magnetic

interactions [36]. Further, considering the fact that Ta 2 O 5 is diamagnetic in nature, therefore, increase in Ta 2 O 5

diamagnetic volume fraction in ferrimagnetic degrades the saturation magnetization of Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 .

Similar behavior in magnetization was observed in Ta 2 O 5 additive MnZn ferrite [14]. The reduction in saturation

magnetization

can also be justified on the basis of exchange interactions between tetrahedral and octahedral

sub- lattice [37]. Ta 2 O 5 additive could change some of Fe 3+ ions into Fe 2+ ions, this valence change then weaken the

ferrimagnetic Fe 3+ – O 2− – Fe 3+ super exchange interactions [38]. Saturation magnetization is also affected by

extrinsic factors such as microstructure, bulk density and grain size of the ferrites [39]. In present work, crystallite size

increased with addition of Ta 2 O 5 . The coercivity of the samples is very small confirming the soft magnetic nature of the

prepared samples. 4.3.6 DC Electrical Resistivity The nanocrystalline Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 spinel ferrite samples

are studied for 0 to10 wt% Ta 2 O 5 additive doping. Figure 4.8 shows the variation of the DC electrical resistivitywith

inverse of temperature for all samples. It is observed that resistivity is decreased withincrease in the temperature for all

samples. Itindicates the semiconducting

Chapter 4 49 A. D. Patil Ph.D. Thesis nature andobeys the Arrhenius relation. The plot was divided into two separate

regions one asferrimagnetic and another as paramagnetic regions at particular temperature. Thisparticular temperature is

called Curie temperature. The change in slope of curve showsphase transition from ferromagnetic to

paramagnetic.According to Verwey, in ferrite the conduction mechanism is mostly due to hopping of charge carriers

among Fe 2+ and Fe 3+ ions in the octahedral (B) site [40]. The Arrhenius relation is given as = 0 −∆ (14) Where, ρ 0 is

constant, E activation energy, K Boltzmann constant and T absolute temperature. Table 4.6 shows calculated values of

activation energy of ferrite samples and Curie temperature. It is seen that activation energy is higher in paramagnetic

region than ferrimagnetic region. Curie temperature is decreased with increase in Ta 2 O 5 additive doping. 4.3.7 Dielectric

Properties Dielectric properties are very important from the application point of view. The dielectric constant is measured

at room temperature for 50 Hz to 5 MHz frequencies. The pellets were made up of disc shape. Figure 4.9 shows variation
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in dielectric constant and frequency for different composition of Ta 2 O 5 additive. It is seen that with increase in

frequency there is decrement in dielectric constant for all samples doped with Ta 2 O 5 additive. It indicates the normal

behavior of the ferrites. The dielectric constant decreases rapidly at lower frequencies showing dispersion whereas almost

constant at higher frequencies. Similar behavior for dielectric constant is reported by Reddy et al. and Wang et al. [41, 42]

where the values of ′ are in the range of 25 to 225.According to interfacial polarization ofMaxwell’s Wagner and Koop’s

theory [43-45] dielectric material is made of conducting grains which are separated by non-conducting grain boundaries.

These grain boundaries are effective at lower frequencies. Also at higher frequencies grains are more effective. Therefore,

due to the effect of grain boundaries, the dielectric constant is decreased rapidly in lower frequency regions.At high

frequency the grain comes into
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equation [46], dielectric constantdecreased with increased frequencies. The selected sample results also show similar

nature of dielectric constant variation with frequencies. Figure 4.10shows the variation of dielectric loss tangent and

frequency at room temperature for 0 to 10 wt. % Ta 2 O 5 additive doping. The results are similar in nature to that of

dielectric constant. Result shows that the dielectric loss tangent is decreased for increased frequencies. It was also

observed that beyond certain frequencies, jumping frequency of charge carriers cannot follow the frequency of applied

electric field. It has been observed the dielectric constant of NiCuZn ferrite is higher for 2to 10 wt% Ta 2 O 5 additive

doping. The increase in dielectric constant can be related to increase in grain growth resulted in an increase in density and

a decrease in porosity with Ta 2 O 5 doping. The values of the grain sizes and densitiesare reported in our previous

publication [16]. The pores act as an insulating material, which creates new barriers for the interfacial polarization, and

interrupt the build-up of space charge, resulting in a decrease in polarization. As the doping increases, porosity decreases,

this promotes the space charge build-up that causes an increase in polarization [2]. Furthermore, the bigger grain means

easier electron movements and higher contact between the adjacent grains, enabling the electron to easily flow towards

the grain boundaries [3]. Therefore, the dielectric polarization increased and resistivity decreased by increasing theTa 2 O 5

doping level 4.7.1 AC Conductivity For low temperature, sintered ferrites AC conductivity is significant property for MLCI

applications. To understand conduction mechanism in synthesized samples, AC conductivities were measured. Figure

4.11shows the variation of AC conductivity and frequency at room temperature for 0 to 10wt% Ta 2 O 5 additive doping.

With increased frequency, AC conductivity also increased for selected ferrite samples. Further, it is found that there was

slight increase in AC conductivity with the addition of Ta 2 O 5 additive. It is also according to Maxwell Wagner model. At

low frequency grain boundaries are more effective; hence, less conductivity, and at higher frequency grains are active

hence higher conductivity.

Chapter 4 51 A. D. Patil Ph.D. Thesis References

Chapter 4 52 A. D. Patil Ph.D. Thesis [1] N.Rezlescu, L.Sachelarie, L.Rezlescu,P.D.Popa,Cryst. Res. Technol. ,36 (2001)157 [2]

S.E.Shirsath, S.M.Patange, Y.Yasukawa, X.Liu,A.Morisako,IEEE Trans. Magn.,50 (2014)1 [3]

S.

E.Shirsath, R.H.Kadam, S.M.Patange, M.L.Mane,

A.

Ghasemi,A.Morisako, Appl. Phys. Lett.,100 (2012) 042407 [4] K.Sun, Z.Pu, Y.Yang, L.Chen, Z.Yu, C.Wu, X.Jiang ,Z.Lan,J.

Alloys Compd., 681 (2016) 139 [5] S. E.Shirsath, D.Wang, S. S.Jadhav, M. L.Mane,S.Li . Ferrites obtained by sol- gel method,

Handbook of Sol-Gel Science andTechnologyed L. Klein, M Aparicio, A .Jitianu, Berlin: Springer ,(2018) 695 [6] A.

T.Raghavendera, S. E.Shirsath,K.Vijaya Kumar, J. Alloys Compd.,509 (2011) 7004 [7] T.Krishnaveni, B. RajiniKanth, V.Seetha

Rama Raju , S. R. Murthy, J. Alloys Compd.,414 (2006) 282 [8] N. Rezlescu, L. Rezlescu, P.D. Popa, E. Rezlescu, J. Magn.

Magn. Mater.,215 (2000) 194 [9] J.Xiang, X.Shen, B.Song Fuzhan,M. Liu, J. Solid State Chem., 183(2010)1239 [10] Y.Wang,

H.Zhou, H.Qi, L.Ren, Z.Xu, Z. Yu, Ceram. Inter.,41(2015)12253 [11] S.F Wang, Y.R Wang, T. C. K Yang, P.J Wang,C.A Lu, J.

Magn.Magn. Mater.,217 (2000) 35 [12] X.Wang, W.Qu, L.Li ,Z.Gui, Ceram. Inter.,30 (2004) 1615 [13] A.Zdinarsic,

M.Limpel,M.Drofenik,IEEE Trans. Magn. ,3 (1995)950 [14] L. L. Z.Lan, Z.Yu, K.Sun, M.Luo, Z.Xu, H. E.Ji,J. Magn. Magn.

Mater.,321(2009)438 [15] K.Sun,J.Wang,Y.Yang,Y.Li,Z.Yu,Z.Lan,X.Jiang,R.Guo,C.Wu,Phys.B:Cond.Matt .476(2015)122 [16] G.

Nagaraju, K. Karthik, M. Shashank, Microchem. J. ,147(2019) 749 [17] A. Meidanchia, A. Jafari, J. Opt. Laser Technol. ,

111(2019)89

Chapter 4 53 A. D. Patil Ph.D. Thesis [18] W.S. Liu, S.H. Huang, C.-F. Liu,C.-W. Hu, T.-Y. Chen, T. P. Perng, J. Appl. Surf. Sci.,

459(2018) 477 [19] C.H.Kao,P.L.Lai,H.Y.Wang,J. Surf. Coat. Technol., 231(2013)512 [20] V. Seetha Rama Raju,J. Appl. Sci.

Lett.,1(2015)99 [21] Y. Yamamoto, A. Makino, T. Nikaldou,J. Phys. IV France,7 (1997) C [22] T. Krishnaveni, S. R. Murthy, F.



20/44

Gao, S. Lu, Q. Komarneni,J. Mater.Sci.,41(2006)1471 [23] V. Seetha Rama Raju, J. of Mater. Res.,29(2014)2220 [24] R.

S.Yadav, I.Kuřitka, J.Vilcakova, J.Havlica, L.Kalina, P.Urbánek, M.Machovsky, D. Skoda, M .Masař, J. Mater. Sci.: Mater.

Elect.,29 (2018)15878 [25] L.Vegard , Zeitschriftfür,Physik , (1921)517 [26] J.Smit , H .P.J.Wijn, Ferrites, New York: Wile,

(1959)143 [27] D. R. Mane, D. D.Birajdar, S. E.Shirsath, A. T.Raghvender, R. H.Kadam , Phys. Status Solidi (A), 207(2010)2355

[28] S. M.Ramay, A.Saadat, S.Siddiqi, M. S.Atiq, S. R.Awan, Chin. J. Chem. Phys,.23 (2010) 591 [29] S. J.Haralkar, R. H.Kadam,

S. S.More, S. E.Shirsath, M. L.Mane, S. Patil, D. R.Mane, Phys.B:Cond.Matt., 407 (2012) 4338 [30] R.S. Yadav, I. Kuritka, J.

Vilcakova, T. Jamatia, M. Machovsky, D. Skoda, P. Urbanek, M. Masar, M. Urbanek, L. Kalina, J. Havlica, Ultrason. Sonochem.

,61 (2020)104839 [31] Sandeep B. Somvanshi, Mangesh V. Khedkar, Prashant B. Kharat, K.M. Jadhav, Ceram. Int. ,46 (2020)

8640 [32] V.Chaudhari, S. E. Shirsath, M. L.Mane, R. H.Kadam, S. B.Shelke,D. R.Mane, J. Alloys Compd.,549 (2013)213 [33] R.

D.Waldron Infrared spectra of ferrites,Phys. Rev.,99 (1955) 1727 [34] R. S.Yadav, I.Kuřitka, J.Vilcakova, J.Havlica, L.Kalina,

P.Urbánek, M.Machovsky,D.Skoda, M.Masař,M.Holek,Ultrasonics—Sonochem., 40(2018) 773 [35] A.Manikandan, J.Judith

Vijaya, L. John Kennedy,M.Bououdina,J. Mol. Struct., 1035 (2013)332

Chapter 4 54 A. D. Patil Ph.D. Thesis [36] M .A.Gabal, A. M.Al-Angari,S.S.Al-Juaid, J. AlloysCompd., 492 (2010) 411 [37] L.

Neel, Ann. Phys., Paris, 12 (1948)137 [38] R. A.Pawar, S. S.Desai, Q. Y.Tamboli, S. E.Shirsath, S. M.Patange,J. Magn. Magn.

Mater. , 378(2015) 59 [39] A. B.Nawale, N. S.Kanhe, K. R.Patil, S. V.Bhoraskar, V. L.Mathe,A. K.Das, J. Alloys Compd.,509

(2011) 4404 [40] M. KalyanRaju, M. RatnaRaju, K. Samatha,J. Optoelectron. Adv.Mater.,17(2015)1075 [41] M. P. Reddy, G.

Balakrishnaiaha, W. Madhuri, M. V. Ramana, N. R.

Reddy, K. V. Siva Kumar, V. R. K. Murthy, R. R. Reddy,

J. Phys. Chem.Solid.,71(2010)1373 [42] Y. Wang, H. Zhang, L. Li, Y. He, W. Ling,J. Magn. Magn. Mater. , 324(2012) 471 [43] J.

C. Maxwell,Treatise on Electricity and Magnetism, Clarendon Press,Oxford, (1982) [44] K. W. Wagner,J. Ann.

Physik.,345(1913)817 [45] C. G. Koops,J. Phys. Rev., 83(1951) 121 [46]

W. D. Kingery, H. K. Bowen, D. R. Uhlman,Introduction to Ceramics,2

nd ed., Wiley, New York,(1976) [47] T. Nakamura,J. Magn. Magn. Mater. ,168(1997)28 Table 4.1: Discrepancy factor (Rwp),

expected values (Rexp), goodness fit factor (χ2), of NiCuZn ferrites with Ta 2 O 5 additive
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10.7 1.49 5 19.6 14.1 3.19 10 19.8 14.0 3.30

Chapter 4 56 A. D. Patil Ph.D. Thesis Table 4.2: Crystallite size (D), Lattice constant (a), bulk density (dB) and bandgap of

NiCuZnferrites with Ta 2 O 5 additive. wt.% Ta 2 O 5 D (nm) a (A o ) dB (g cm -3 ) Band gap (eV) 0 55.56 8.3637 4.5477

2.8178 1 49.95 8.3578 4.989 2.5542 2 48.75 8.3537 5.3587 2.7739 3 36.85 8.3498 4.9376 2.7958 5 43.00 8.3498 5.2324

2.9057 10 47.33 8.3451 5.3441 2.6860

Chapter 4 57 A. D. Patil Ph.D. Thesis Table 4.3: Hopping lengths, tetrahedral bondlength, octahedral bond length, and

tetrahedral edge, octahedral edge (shared and unshared) for Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 . with Ta 2 O 5 additive. Wt. %

Ta 2 O 5 Hopping Lengths Tet. Bond Length d AX (Å) Oct. Bond Lengthd BX (Å) Tet. Edge d AXE (Å) Oct. Edge (Shared &

Unshared) L A (Å) L B (Å) d BXE (Å) d BXEU (Å) 0 3.6214 7.2429 1.9990 1.9868 3.2645 2.6494 2.9640 1 3.6189 7.2378 1.9976

1.9853 3.2622 2.6475 2.9620 2 3.3665 7.2343 1.9966 1.9844 3.2606 2.6462 2.9605 3 3.3649 7.2309 1.9957 1.9834 3.2590

2.6450 2.9591 5 3.3649 7.2309 1.9957 1.9834 3.2590 2.6450 2.9591 10 3.3660 7.2268 1.9964 1.9823 3.2572 2.6435 2.9575

Chapter 4 58 A. D. Patil Ph.D. Thesis Table 4.4: Vibrational bands tetrahedral A-site (υ 1 ), octahedral B-site (υ 2 ), ratio ofυ 1

/υ 2 , and force constant (FT and FO) wt.% Ta 2 O 5 Absorption band (cm -1 ) Ratio υ 1 / υ 2 Force constant (x 10 2 N m -1 )

F r F o υ 1 υ 2 0 580.38 402.81 1.441 2.469 1.189 1 576.15 403.41 1.428 2.433 1.193 2 580.71 400.51 1.450 2.472 1.176 3

579.72 400.25 1.448 2.463 1.174 5 581.83 400.21 1.454 2.481 1.174 10 583.15 402.20 1.450 2.492 1.185

Chapter 4 59 A. D. Patil Ph.D. Thesis Table4.5: Magnetization saturation (M s ), coercivity (H c ) and

Magnetizationremanence (M r ) of NiCuZn ferrites addition of additive Ta 2 O 5 at Roomtemperature wt.% Ta 2 O 5

Magnetization Saturation (M s ) (emu gm -1 ) Coercivity (H c ) (Oe) MagnetizationR emenant (M r ) (emu gm -1 ) 0 83.41

506 58.59 1 72.32 402 30.12 2 61.82 302 20.12 3 51.34 204 14.16 5 36.16 100 10.20 10 23.14 64 8.42

Chapter 4 60 A. D. Patil Ph.D. Thesis Table 4.6: Calculated values of activation energy and Curie temperature Composition

in wt.% Curie Temperature T c K Activation Energy (eV) E = E f - E p E f E p 0 635 0.358 1.204 0.845 1 631 0.357 0.690

0.333 2 615 0.281 1.220 0.938 3 608 0.212 0.798 0.585 5 578 0.290 0.989 0.699 10 575 0.395 1.026 0.631



21/44

Chapter 4 61 A. D. Patil Ph.D. Thesis Fig.4.1:Rietveld refined x-ray diffraction patterns for all synthesized Samples of Ni 0.4

Cu 0.3 Zn 0.3 Fe 2 O 4 withTa 2 O 5 additive. Bragg’speak positions are shown in green color at the bottom ofXRDofx=10

wt. %. These Braggs peaks are referred to the space groupPb4 2 /mnmand Fd3m for FeTaO 4 and Ni 0.4 Cu 0.3 Zn 0.3 Fe 2

O 4 with Ta 2 O 5

Chapter 4 62 A. D. Patil Ph.D. Thesis Fig.4.2: SEM images of Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 with Ta 2 O 5 additive (a) X= 0

Wt. %, (b) X=1 Wt. %, (c) X = 3 Wt. % and (d) X=10 Wt. %

Chapter 4 63 A. D. Patil Ph.D. Thesis Fig.4.3: EDX pattern of Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 with Ta 2 O 5 additive for (a) x=0

wt. % and (b) x=10 wt. %

Chapter 4 64 A. D. Patil Ph.D. Thesis Fig.4.4: The FTIR spectra of Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 with different concentration

of Ta 2 O 5

Chapter 4 65 A. D. Patil Ph.D. Thesis Fig. 4.5: The Absorbance spectra of Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 with different

concentration of Ta 2 O 5 additive

Chapter 4 66 A. D. Patil Ph.D. Thesis Fig.4.6: Band gap energies of Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 with different

concentration of Ta 2 O 5 additive

Chapter 4 67 A. D. Patil Ph.D. Thesis Fig.4.7: Magnetic hysteresis loops for Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 with Ta2O5

additive (2 wt. % and 3 wt. %) nanocrystalline spinel ferrites at2 K (left) and b) 300 K (right) .

Chapter 4 68 A. D. Patil Ph.D. Thesis Fig. 4.8: Variation of direct current resistivity with temperature

Chapter 4 69 A. D. Patil Ph.D. Thesis Fig.4.9: Variation of dielectric constant and frequency for 0 to 10 wt. % Ta 2 O 5

additive doping.

Chapter 4 70 A. D. Patil Ph.D. Thesis Fig.4.10: Variation of dielectric loss tangent and frequency at room temperature for 0

to 10 wt. % Ta 2 O 5 additive doping.

Chapter 4 71 A. D. Patil Ph.D. Thesis Fig.4.11: Variation of alternating current conductivity and frequency at room

temperaturefor 0 to 10 wt. % Ta 2 O 5 additive doping.

Chapter 5 72 A. D. Patil Ph. D Thesis Chapter 5 Result and Discussion on Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 +xTiO 2 (X= 0-10

wt. %) 5.1 Introduction The commercial nanocrystalline ferrites are of current research interest due to its various

applications like photoelectric devices, digital memories, radar and satellite communication, gas sensors,

telecommunication, microwave devices and biomedical. Various studies reported that spinel ferrites in the nanocrystalline

form consist of significant electrical and dielectric properties as compared to bulk form. NiCuZn ferrite is one of the

crucial ferrites used for multilayer chip inductor because it has better properties than MnZn ferrite at high frequencies,

also lower densification temperatures as compared to NiZn ferrites [1 - 3]. The various methods such as co-precipitation,

oxalate precursor chemical method, ceramic method, and sol gel auto combustion [4 - 6] are used to synthesize

nanocrystalline spinel ferrites.Amongst these, the sol-gel method is the most advanced method for production of

nanocrystalline spinel ferrites due to its advantages such as requirement of low temperature, good control over

stoichiometry, and easy to adapt synthesis parameters [7, 8]. Many researchers used Ti as a substituent in different spinel

ferrites. It has been reported that, the substitution of Ti in Mn ferrites [9] synthesized by hydrothermal method exhibits

good control over the structural as well as magnetic parameters like lattice constant and saturation magnetization. In case

of Ni-Cu-Zn ferrite, the substitution of Ti was reported to reduce the parameters like saturation magnetization,X-ray

density and lattice constant [10]. The modification in initial permeability ofMn-Zn ferrites due to
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reported in the literature [11]. The magnetic parameters like remanence, coercivity and saturation magnetization were

reported to decrease as an effect of Ti substitution in the Co ferrite [12]. The decline in structural properties due to Ti

substitution in Co ferrite was also reported in literature [13], wherein a strong relationship between ionic radius of Ti 4+

and frequencies of the modes of vibration was revealed. The enhancement in the magnetic and electrical parameters like

coercivity, remanence, dielectric constant and dielectric loss was reported for Ni 0.4 Cu 0.2 Zn 0.4 Fe 2 O 4 ferrites

wherein fraction of Fe 3+ cations was replaced with Ti 4+ ions [14]. However, doping of Ti ions in the spinel ferrite by

means of the TiO 2 additive was proved to be significant for enhancement of the physical parameters of the ferrites. A

study on the influence of TiO 2 doping in Ni-Zn ferrite confirms that the structural and magnetic parameters like grain

size, relative density and magnetic permeability were increased with a specific amount of the doping within the ferrite [15].
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The electrical parameters like power loss and DC resistivity were also enhanced with the specific amount of doping of TiO

2 additive within the ferrite. The creation of secondary phase of NiTiO 3 and Fe 2 TiO 5 was reported for the TiO 2 doped

Ni ferrites [16], as an effect of which the reduction in magnetic parameters was observed. A systematic study of TiO 2

doped Mn-Zn ferrites reports that the magnetic parameters like permeability and power loss of the ferrite can be

enhanced by adding the suitable amount of the additive within the ferrite crystal [17]. Kounsalye [18] studied the effect of

Ti 4+ ions on Li-ferrites and found that with an increase in Ti 4+ ion substitution dc resistivity increases and dielectric

properties show normal dispersion behavior. Rathi [19] presented the effect of Ti 4+ substitution on NiCuZn ferrite. It is

also seen that the dielectric constant increased with increased Ti 4+ composition. Fan [20] used B 2 O 3 as an additive in

Mn-Zn ferrite and observed that there is no doping effect of B 2 O 3 on magnetic properties but it promotes the grain

growth significantly. Also, impedance analysis indicates that with an increase in B 2 O 3 content in ferrites both grain and

grain boundary resistivity is increased. Praveena [21] observed the effect of TiO 2 on Ni 0.35 Cu 0.12 Zn 0.35 Fe 2 O 4 and

showed that dielectric properties and permeability are increased with the addition of TiO 2 in ferrite. Also, the resonant

frequency for all the selected composition was greater than 1 GHz. Suryavanshi [22]
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with Ti 4+ concentration, initially activation energy (ΔE) and D.C. resistivity (ρ) increase gradually (t > 0.2) and linearly

afterward. It also presents that dielectric properties initially decrease gradually and rapidly with the further addition of Ti

4+ . Meaz et al [23] presented the effect of substitution of tetravalent titanium ions in Co–Zn ferrites. For all the samples

the electrical conductivity, dielectric loss tangent and dielectric constant were decreased with the addition of Ti 4+ ions

except x = 0.1 sample. Ahmed et al.[24] studied the effect of Ti 4+ ions substitution in Mg-ferrite and presented that Curie

constant, Curie temperature, Curie–Weiss constant, effective magnetic moment decreases with the addition of Ti

content. Desai et al. observed electric and elastic properties of CoFe 2 O 4 ferrites[25]. In brief, the literature survey

suggests that the doping of suitable amount of TiO 2 additive in the ferrite is effective in enhancing the physical

parameters of the ferrites. Such interesting modifications due to TiO 2 doping in spinel ferrites leads to use them in variety

of applications.The Ni-Cu-Zn ferrites with specific stoichiometric elemental composition of divalent cations with

approximately 40% Ni, 30% Cu and 30% Zn exhibits interesting physical properties leading to variety of applications [26–

28]. 5.2 Methodology The sol-gel method was used for the preparation of nanocrystalline Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4

ferrite doped with TiO 2 additives. The analytical grade (99% pure) copper nitrate (Cu (

NO 3 ) 2 .6H 2 O), zinc nitrate (Zn (

NO 3 ) 2 .6H 2 O), nickel nitrate (Ni (

NO 3 ) 2 .6H 2 O), ferric nitrate (Fe (NO 3 ) 3 .9H 2 O) and

citric acid (C 6 H 8 O 7 )

were

utilized for the synthesis

of ferrites. These nitrates and citric acid were dissolved in water, ammonia was added to the solution, and 7 pH was

attended.

Then, the solution was kept on a hot plate at 80°C with continuous stirring until

a thick, viscous gel was obtained. At this stage the stirring was stopped while continuing the heating. The heating removes

the water content from the gel and a completely dry gel was obtained. The dry gel auto- ignites within a second and

burns with the colored fumes. The burning completes within few minutes and the ferrite powder in the form of ash

precursors was obtained. These ash precursors were grinded in the agate mortar and calcined for 5 h at 400°C in a
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(0– 10 wt %) and grinded for 45 min before calcination at 650°C for 4 h. The pellets with 13 mm diameter and 3 mm

thickness were obtained from this powder, with a polyvinyl alcohol as a binder material. These pellets were calcined for 4

h at 400°C to remove the binder. X–ray diffractometer D2 PHASER (Bruker) was employed for obtaining the XRD pattern

of calcined samples with Cu-Kα as a radiation source having wavelength λ = 1.5405 Å inclined atdiffraction angles 2θ in

between 20–80° at room temperature. Microstructures of the samples were studied from FESEM: FEI Nova Nano SEM

450 and elemental analysis from EDS: BrukerXFlash 6I30. Fourier transform infrared (FTIR) spectroscopic analysis was

done using Jasco model 310 spectrophotometer. At room temperature, magnetic measurements were performed on

vibrating sample magnetometer (Quantum Design PPMS-VSM). The study of optical properties of synthesized samples
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was done on UV-Vis. DRS Jasco spectrophotometer (Model V-670). TheMössbauer spectra of the ferrite samples were

obtained at room temperature by using 57Co as a γ-ray source in Rh matrix. The calibration of velocity scale was

performed in relation with 57Fe (in Rh). The Win NormosFIT software was utilized for the analytical fitting of the spectra.

The elastic properties such as longitudinal modulus, modulus of rigidity, bulk modulus, Young’s modulus, wave velocities

of the prepared samples were measured by the ultrasonic pulse transmission method. The frequency dependent dielectric

properties such as dielectric constant (ɛʹ), AC conductivity, dielectric loss tangent (tanδ), and impedance spectroscopy

measurements were conducted in the 50 Hz to 5 MHz frequency range using Hioki (3250) LCR-Q meter at room

temperature. 5.3 Results and Discussion 5.3.1. Structural Analysis The structural study of the ferrite samples was performed

by powder X-ray diffraction method and the obtained diffraction patterns are shown in Figure5.1. In XRD
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were observed revealing the formation of spinel phase within the ferrites [29]. The XRD patterns for x ≥ 3 wt. % exhibit the

additional peaks of the TiO 2 phase; (101), (103), (004), (112), (200), (105), (211), (118), (220) at 27°, 37°, 38°, 39°, 48°, 53°,

55°, 62°, 71° [30] respectively along with the peaks of spinel phase. From FULLPROF suite software program, the analysis

of XRD data was performed by applying the technique of Rietveld refinement. The parameters obtained from Rietveld

refinement were goodness fit factor (χ2), expected R values (Rex) and weighted profile R-factor (Rwp) along with the

relative % of the two phases (spinel and TiO 2 ) created within the ferrites are listed in Table5.1. The exploration of Rietveld

refinement shows that a single spinel phase having cubicstructure is formed with Fd3m space group for the ferrites doped

with x > 3 wt. % of TiO 2 and anadditional secondary phase having space group I41/amd is formed along with the spinel

phase forthe ferrites doped with x ≥ 3 wt. % of TiO 2 . For x ≥ 3 wt. % of TiO 2 the secondary phase increasesfrom 4.2 % to

8.6 %, while a simultaneous decrease in spinel phase from 95.8 % to 91.4 % wasobserved. It is clear that for x ≥ 3 wt. % the

TiO 2 additive does not enter within the ferrite latticeand there is a possibility that the TiO 2 molecules may surround the

Fe 3+ cations at the sub-latticesites [16]. The values of the lattice parameter were obtained from the equation reported

elsewhere [31] and are summarized in Table5.2 along with the crystalline sizes, X-ray densities, and hoppinglengths. From

Table 5.2, it is revealed that the values of the lattice parameter (a) are enhanced with rise in TiO 2 composition up to 5 wt.

%. For x > 3 Wt. % of TiO 2 the Ti 4+ ions enter in to the lattice of Ni-Cu-Zn ferrite, by replacing few Fe 3+ cations. Owing

to the variation in ionic radii of Ti 4+ (0.61 Å) and Fe 3+ (0.67 Å) the expansion of the unit cell occurs and increase in lattice

parameter values is obtained. Further, for higher content of TiO 2 i.e. 3 ≤ x ≤ 5, lattice parameter increases because of the

increased molecules of TiO 2 surrounding the Fe 3+ nuclei at B sub-lattice sites. However, for the experimental

substitution limit x = 10 Wt. %, a little fall in the value of lattice parameter is obtained showing the distortion in the lattice

due to the higher % of secondary phase of TiO 2 created within the ferrite.
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from the peak with the maximum intensity i.e. the peak (311) of XRD pattern

using Debye Scherer’s equation [32], = 0.9 βcos θ (1)

Where θ is the Bragg’s angle, λ is the wavelength of X-rays and β is the full-width half- maximum (

FWHM). The

computed crystallite size (D) values (Table 5.2) were decreased with an increase in TiO 2 doping composition. These

values lie in between 20 to 33 nm which indicates that the prepared particles are the nanoparticles. The agglomeration of

the particles was reported as the reason behind increase of the particle size in the nano ferrites [33]. In the present study

the particle size of TiO 2 doped Ni-Cu-Zn ferrites is larger than that of the pristine Ni-Cu-Zn ferrite revealing the

occurrence of agglomeration for the doped samples of ferrites. The variation in particle size is not much as compared to

that in the lattice parameter values. The reason behind is that, in nano ferrites, the particle size depends upon temperature

and time of the annealing [34]. In the present TiO 2 doped Ni-Cu-Zn ferrites both these factors i.e. time and temperature

of annealing were kept constant for all the ferrite samples, owing to which, a little variation in particle sizes was reported.

The X-ray density (dx), can be investigated from the relation [35]. dx = 8M Na 3 (2) Where N is Avogadro’s number and M is

the molecular weight. It is found that, there is an increment in X-ray density with the doping of TiO 2 molecules in Ni-Cu-

Zn ferrite. It is because of the increasing amount of doping of TiO 2 , which is adding its molecular weight (47.867 amu) to

the molecular weight of Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 ferrite, due to which the molecular weight of the doped ferrites is

increasing. The increase in molecular weight increases the density (dx).Furthermore, the values of bulk density are smaller

than the X-ray density. The variation in bulk and X-ray density is because of the formation of pores in the prepared

samples. The hopping lengths L B and L A at the octahedral and tetrahedral sites respectively were obtained by employing

the following equations from literature [36], = a 3 4 (3)
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that of lattice constant.Further, the parameters such as tetrahedral and octahedral bond lengths (d AX and d BX ),

tetrahedral edge, octahedral shared and unshared edges (d AXE , d BXE and d BXEU ) for

Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 doped with TiO 2 additive were synthesized by sol gel method

can be obtained by using oxygen positional parameter ‘u’and lattice constant ‘a’ values in the following equations [37]. = 3

− 1 4 (5) = 3 2 − 11 4 + 43 64 1 2 (6) = 2 2 − 1 2 (7) ℎ = 2 1 −2 (8) ℎ = 4 2 − 3 + 11 16 1 2 (9) The estimated values of these

parameters are in given in a Table5.3, from which it is seen that the tetrahedral and octahedral hopping lengths as well as

tetrahedral edge, octahedral shared and unshared edges increased with TiO 2 additive doping up to 5 wt. % and for higher

TiO 2 additive doping reduced. This is owing to less ionic radii of Ti 4+ (0.61 Å) than that of Ni 2+ (0.69 Å) and Fe 3+ (0.67

Å) ions. 5.3.2 Field Emission Scanning Electron Microscopy The FESEM images of Ni-Cu-Zn ferrites for x = 0, 1, 3, and 10

wt. % of TiO 2 additive are shown in the Figure5.2(a). FESEM images reveal that all the prepared particles are spherical in

shape and are agglomerated due to magnetic interactions. The average grain size is in between 42 to 50 nm. The

elemental mapping and EDX were carried out which confirms the existence of elements like Zn, Ni, Fe, Cu, O and Ti in the

selected samples (figure 5.2(b)).
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Ni-Cu-Zn ferrites in the frequency range 100 to 800 cm −1 at room temperature. According to the group theory, only five

Raman active modes are possible for spinel ferrites viz. A 1g , E g and three F 2g modes [38, 39]. The modes above 600

cm -1 and below 600 cm -1 are associated with metal-oxygen (M-O) (symmetrical stretching) bonding at tetrahedral sites

and metal- oxygen bonding (symmetrical, anti-symmetrical bending) at octahedral sites respectively [40, 41]. The Raman

bands observed for Ni-Cu-Zn ferrite doped with TiO 2 are depicted in Table5.4. The Raman bands found at 145-150 cm -1

, 170-322cm -1 , 310–485cm -1 , 458– 646 cm -1 , 664–697 cm -1 corresponds to F 2g (1), F 2g (2), E g , F 2g (3), and A

1g modes respectively. From Figure 5.3and Table5.4, it is obvious that the wave number position of bands were slightly

changed with TiO 2 composition. This slight difference in Raman bands with different content of TiO 2 in Ni-Cu-Zn ferrite

is linked with the rearrangement of cations between octahedral and tetrahedral sites. 5.3.4 Fourier Transform Infrared

(FTIR) Spectroscopy Figure 5.4 displays the FTIR spectra of the Ni-Cu-Zn ferrite doped with various compositions ofTiO 2 .

The spectra were obtained between 400–1000 cm −1 . The two strong peaksʋ 1 (577–624 cm -1 ) and ʋ 2 (397–424 cm

-1 ) are observed in each sample those are related

to vibrations of the metal ion-oxygen bonds in tetrahedral and octahedral sites respectively [42]. The

formation of such peaks evidenced that the spinel ferrite structure was formed in our studied ferrite samples. The variation

in ʋ 1 and ʋ 2 peaks was attributed to the difference in bond lengths (Fe-O) associated with the tetrahedral and octahedral

sites [43]. From Figure 5.4 and the Table 5.5, it is found that there is a small variation in peak positions with TiO 2 doping in

Ni-Cu-Zn ferrite because of the redistribution or migration of cations between tetrahedral and octahedral sites in Ni-Cu-

Zn ferrite doped with TiO 2 additive. It is found that frequency ʋ 1 for pristine sample is less than the doped samples. For

doped ferrites, ʋ1 decreased continuously with increasing doping till the 5 wt. % dopant level. For the dopant level ≤ 2 wt.

%, the decrease in ʋ 1 indicates the
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tetrahedral sites and bond lengths were increased and as a consequence decrease in vibrational frequencies (ʋ 1 ) was

reported [50]. The possible cause behind decrease in ʋ 1 for dopant level < 2 wt. % is the deposition of TiO 2 molecules

around the Fe 3+ cations due to which the bond lengths were increased and consequently decrease in ʋ 1 value is

reported. An apparent increase in ʋ 1 for the highest experimental doping of 10 wt. % was due to creation of lattice

distortions by the TiO 2 phase with higher concentration (Table 5.1). The vibration frequency ʋ 2 increased up to 2 wt. %

doping of TiO 2 , clearly indicating Ti 4+ occupancy at octahedral sites. However, forthe TiO 2 doping < 2 wt. %, the ʋ 2

decreases till 5 wt. % and then suddenly increases for 10 wt. %. It clearly points towards the fact that the occupancy of Ti

4+ at octahedral sites is not proportional to the doping (%) i.e. Ti 4+ does not substituted the Fe 3+ ion at octahedral sites

for higher doping levels (< 2 wt. %) and finally larger change in the value of ʋ 2 confirms the creation of strong TiO 2 phase

for 10 wt. % doping. Thus occurrence of spinel phase and a secondary phase of TiO 2 molecules is confirmed from FTIR

analysis. 5.3.5 The UV–Vis. Diffused Reflectance Spectroscopy The optical properties of Ni-Cu-Zn ferrites doped with

different concentrations of TiO 2 additives were investigated by using UV–Vis diffused reflectance spectrophotometer.

The measurements were conducted between 200 to 800 nm and the obtained plots are displayed in Figure 5.5. The

obtained spectra of the studied ferrites show absorption in the visible region. The absorption coefficients α were

investigated from the KubelkaMunk function given by the formula [44], = = 1−R 2 2R (10) Where, R is reflectance value,
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F(R) is KubelkaMunk function and α is absorption coefficient. Moreover, in the Tauc relation [45, 46] values of the

absorption coefficient were utilized to obtain band gap energy (E g ). The relation is given by, αhʋ = (hʋ − Eg) 2 (11)

Chapter 5 81 A. D. Patil Ph. D Thesis Where A is proportionality constant, h is the Planck’s constant and υ is the frequency

of light. The band gap energy values of all selected samples were computed by depicting the graph of (ahʋ) 2 versushʋ as

shown in Figure5.6.The band gap energies were deduced by extrapolating the linear portions of these graphs. The band

gap energy values of Ni-Cu- Zn ferrites doped with different contents of TiO 2 additive are represented in the Table 5.5. It

is evident from Table5.5 that the band gap energy value of the pristine sample is less than the doped samples and there is

decrement in the values of band gap energies with enhancement in the content of TiO 2 in the doped Ni-Cu-Zn ferrite.

This is due to variation in the crystallite size of the studied samples. It also shows that the doped ferrite samples exhibit

semiconducting nature. 5.3.6 Magnetic Properties

The magnetic properties of the ferrites were explored at room temperature by using vibrating sample magnetometer. The

hysteresis

loops for TiO 2 doped Ni-Cu-Zn nanocrystalline spinel ferrites are given in Figure5.7 which illustrates the change in

magnetization with the applied magnetic field. The magnetization curve for all the samples exhibits normal characters of

soft magnetic materials. From the hysteresis loops of the studied ferrite samples, values of the remanence magnetization

(M r ), coercivity (H c ) and saturation magnetization (M s ) were obtained and summarized in the Table 5.6.It is obvious

from the Table 5.6 that the saturation magnetization values are declining with the addition of TiO 2 due to the non-

magnetic behavior of the titanium ions. This can be explained according to Neel’s theory and super exchange interaction

mechanism [47]. For TiO 2 doping level x ≤ 0.2 wt. % the presence of a single spinel phase within the ferrites clearly

indicates that the nonmagnetic Ti 4+ ions were substituted in the Ni-Cu-Zn lattice. Since Ti 4+ ions have

strongpreference towards B site, they occupy the site by replacing the Fe 3+ ions which weakens theexchange interaction

among A and B sites. As a result, decrement in the saturation magnetizationwith increment in the composition of TiO 2 in

Ni-Cu-Zn nanocrystalline spinel ferrite is obtained or doping level x ≤ 0.2 wt. % [48]. Further, the decrement in saturation

magnetization is also due to a declination in the crystallite size of the prepared samples. The decrement in values

ofsaturation
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magneticTiO 2 molecules surrounding the magnetic Fe 3+ cations. The decrease in saturation magnetization for doping

level (wt. %), 0.3 ≥ x ≤ 10 is due to the increase in non-magnetic phase of TiO 2 (Table 5.1). The coercivity (H c ) values are

enhanced with an increase in the content of TiO 2 in Ni-Cu-Zn ferrite which is linked with the reduction in crystallite size

[49]. While remanent magnetization does not show regular variation with TiO 2 doping. The values of were investigated

experimentally by using the equation [50], = × 5585 (12) Where M S is the saturation magnetization and M w is the

molecular weight of the sample. The obtained values of are given in Table 5.6. The increase in oxygen vacancies due to

TiO 2 doping is evident from this increase in values [51]. In ferrites, change in values depends upon the concentration of

oxygen vacancies and there is a direct relation between the number of vacancies and magneton number [52]. 5.3.7

Mössbauer spectroscopy Mössbauer spectra measured at room temperature for the typical samples of Ni- Cu-Zn ferrites

doped with 0, 2, 5 and 10 wt. % of TiO 2 are shown in Figure5.8. It is obvious from the Mössbauerspectra that all the

samples exhibit well-defined Zeeman split sextets, one of them corresponding to Fe 3+ ions at the tetrahedral A-sites

whereas second is corresponding to the Fe 3+ ions at the octahedral B-site. No central paramagnetic contribution from

the paramagnetic-Zn ions is observed in any of the sample reveling the ordered magnetic structure and the long-range

magnetic interactions in all the samples. Saturation magnetization known to be directly proportional to hyperfine field.

Hyperfine field (Hhf) does not changed much with the TiO 2 doping (Table5.7) and can be qualitatively explained on the

basis of Neel’s super-exchange interactions [53]. Thus, it can be considered that TiO 2 does not enter into the Ni-Cu-Zn

spinel ferrite and not replacing any of the ions in the spinel lattice. Thus, decrease in saturation magnetization could be

related to increase in non-magnetic phase of TiO 2 in the composition. It is evident from Table 5.7 that Isomer shift (IS) at

B-site is greater than IS at A-site and
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compared to the A-site ions.

The range of values of IS indicated that Fe ions exist in 3 + valence state with high spin configuration [54]. The

line width (Γ) found to increase by small margin for A-site increased with TiO 2 doping. The increased broadening A-site

with TiO 2 doping may be attributed to the increasing number of surrounding TiO 2 around Fe 3+ nuclei at A sites. Nearly

zero values of QS within the experimental error is an indication that the cubic symmetry is retained between the Fe 3+
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ions and its surrounding Ni, Cu and Zn ions even after TiO 2 doping in Ni-Cu-Zn spinel crystal. 5.3.8 Elastic properties The

elastic constants are much important because they explain the nature of binding forces between atoms. The most

common method used to determine the elastic properties of the ferrites is the ultrasonic pulse transmission method.

Table 5.8 shows the ultrasonic wave velocities. It shows that the longitudinal (V l ), mean (V m ) and shearing V s )

velocities were decreased with the addition of TiO 2 composition due to atomic binding forces. The longitudinal modulus

(L), Young’s modulus (E), Bulk modulus (K) and Modulus of rigidity (G) were calculated from the measured ultrasonic wave

velocities by using the relations as given [55]. Longitudinal modulus, (L) =ρV 1 2 (13) Young’s modulus, (E) = 9GK 3K+G (14)

Modulus of rigidity, (G) =ρV s 2 (15) Bulk modulus, (K) =ρ 3V 1 2 − 4 V s 2 3 (16) The variation in the elastic moduli of

synthesized ferrite samples with TiO 2 composition is shown in Figure 5.9. From the Figure, it is seen that the values of

elastic moduli initially increase with an increase in Ti up to 1 wt. %. For further addition of TiO 2 to Ni 0.4 Cu 0.3 Zn 0.3 Fe

2 O 4 ferrite, there is a slight decrease in the values of elastic moduli. This shows that atomic binding strength is increased

with the addition of Ti up to 1 wt. % and then decreased [56].
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plot or Cole-Cole plot is an experimental technique to understand electrical behavior in spinel ferrites. Oliver Heaviside

first introduced the concept of impedance spectroscopy. This technique provides information about the real part as the

resistive and imaginary part as the reactive component of a given sample. The Cole-Cole plot comprises typically two

successive semicircles: the first semicircle is of the grain boundary at low frequency and the second is of grain or bulk

properties of the materials at high frequency. Impedance spectroscopy (Cole-Cole) is studied by plotting imaginary (Z′′)
part against real (Zʹ) part of the impedance. Figure 5.10 shows Cole-Cole plots for all Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 ferrite

samples doped with TiO 2 . The Cole-Cole plots show appearance of only one incomplete semicircle which indicates that

grain boundary resistance is dominating and it corresponds to conduction due to only grain boundary for all samples in

the low-frequency region. From the graph, it is seen that with the increase in TiO 2 composition up to 5 wt. % the

diameter of semicircle increases which indicates that impedance increases and conductivity decreases and hence

relaxation time increase. For the sample with 10 wt. % of TiO 2 composition, decrease in the diameter of the semicircles

was observed. 5.3.10 Dielectric properties 5.3.10.1 Dielectric constant The dielectric properties measured were dielectric

constant (ε′), AC conductivity (ζ ac ) and dielectric loss tangent (tanδ). Dielectric properties of nanocrystalline spinel Ni 0.4

Cu 0.3 Zn 0.3 Fe 2 O 4 ferrite doped withTiO 2 were studied at room temperature in frequency range from 50 Hz to 5

MHz. In ferrites, the dielectric constant is influenced by various factors like the microstructural arrangement, density,

cation distribution and also charge polarization. The formula for calculating dielectric constant was given as,
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p ? ? ? 0 ' ? ? (17) Where C is capacitance,

d is thickness, A is

the cross-sectional area of the pellet and ε 0 is

permittivity of free space.

Figure 5.11 represents variation in dielectric constant with frequency for all samples at room temperature. It is seen that at

lower frequencies dielectric constant is higher. It decreased with increase in frequency. After a certain increase in

frequency it remains constant for all samples doped with TiO 2 . This observed nature of the response is a normal

dielectric behavior as reported by other studies [57–60]. The sample with 1 wt. % TiO 2 content shows the maximum

dispersion due to the presence of an excess amount of Fe 2+ ions. All the samples show dispersion at low frequency and

can be attributed as a space charge polarization. As per Maxwell–Wagner two-layer model and Koop’s phenomenological

theory [61, 62], space charge polarization is because of highly conducting grains present in separated poorly conducting

grain boundaries. Therefore, in electrical conduction grain boundaries are more effective as compared to grains at lower

frequencies. If grain boundaries are thin, the dielectric constant is higher. Also, the frequency independent behavior is

observed at higher frequencies. This is

due

to the fact that after a certain frequency of external alternating field, the electronic exchange between Fe 2+ and

Fe 3+ does not follow the

field. 5.3.10.2
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Dielectric Loss Tangent Figure 5.12 shows the variation in dielectric loss tangent with respect to the frequency at room

temperature. The results similar to dielectric constant were obtained for dielectric loss tangent. It decreased with

increased frequency for all samples due to a strong association between the conduction mechanism and dielectric

behavior of ferrites. Figure 5.12 also indicates that the sample with 10 wt. % shows the highest dielectric loss tangent than

the undoped sample. For 10 wt. % samples hopping of electrons between Fe 2+ and Fe 3+ ions at the octahedral site is

increased because of migration of Fe 3+ ions to octahedral [B] site. Thus the dielectric loss tangent increases. In the low-

frequency region of dielectric loss tangent curve, peaks were observed. This is because of
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applied electric field frequency for all samples. 5.3.10.3 AC conductivity The AC conductivity study gives the behavior of

charge carriers under an AC field, the mechanism of conduction and mobility of charges [63]. AC conductivity of all

synthesized samples was obtained using the following relation, ? ?? ? ? ?? ? ? ? 0 tan 2 f ac (18) Where f is applied field

frequency, ε 0 is absolute permittivity, ε′ is relative permittivity and tan δ is loss tangent. The room temperature AC

conductivity variation for all samples doped with TiO 2 was studied in the 50 Hz to 5 MHz range of frequency. Figure 5.13

shows the variation in AC conductivity with the logarithm of the frequency. It is observed that AC conductivity increased

with increased frequency for selected samples. The behavior of ac conductivity in ferrite can be explained on the basis of

the Maxwell-Wagner model for the dielectric.
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Chapter 5 91 A. D. Patil Ph. D Thesis Table5.1: Discrepancy factor (R wp ), expected values (R exp ), and goodness fit factor

(? 2 ), spinel phase %, and TiO 2 phase % in Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 ferrites doped with varying wt. % of TiO 2

additive. wt. % TiO 2 R exp R wp ? 2 Spinel phase % TiO 2 phase % 0 16.1 12.2 1.71 100 00 1 19.5 11.9 2.65 100 00 2 26.6

14.4 3.31 100 00 3 16.1 10.6 2.28 95.8 4.2 5 15.8 11.8 1.77 94.2 5.8 10 16.7 12.7 1.71 91.4 8.6

Chapter 5 92 A. D. Patil Ph. D Thesis Table5.2: Parameters obtained from the XRD pattern of Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4

ferrites doped withdifferent wt. % of the TiO 2 additive TiO 2 wt.% a (Å) D (nm) (g/cm 3 ) L A (Å) L B (Å) 0 8.3030 21 5.516

3.5953 2.93 1 8.3035 33 5.664 3.5954 2.93 2 8.3252 28 5.761 3.6048 2.94 3 8.3772 28 6.163 3.6273 2.96 5 8.3778 27 6.823

3. 6275 2.96 10 8.3461 27 5.806 3.6138 2.95

Chapter 5 93 A. D. Patil Ph. D Thesis Table 5.3: Tetrahedral bond length, octahedral bond length, tetrahedral edge,

octahedral edge (shared and unshared) for Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 . with TiO 2 additive. Wt. % TiO 2 Tet. Bond

Lengthd AX (Å). Oct. BondLengthd BX (Å) Tet. Edge d AXE (Å) Oct. Edge (Shared & Unshared) d BXE (Å) d BXEU (Å) 0 1.9845

1.9719 3.2408 2.6302 2.9425 1 1.9844 1.9720 3.2410 2.6303 2.9427 2 1.9898 1.9772 3.2498 2.6372 2.9504 3 2.0022

1.9895 3.2697 2.6537 2.9688 5 2.0024 1.9897 3.2700 2.6539 2.9690 10 1.9848 1.981 3.2576 2.6438 2.9578

Chapter 5 94 A. D. Patil Ph. D Thesis Table5.4: Raman modes with wave numbers for Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 doped

with TiO 2 additive.The attached Table shows the values of the IR vibration frequencies ? 1 and ? 2 possessed by the

ferrites Sr. No. of the peak in the spectra Raman Modes Raman Shift (Cm -1 ) x= 1wt.% x= 2wt.% x= 3wt.% x= 10 wt.% 1 F

2g (1) 149 150 145 150 2 F 2g (2) 313 312 322 170 3 E g 480 480 485 310 4 F 2g (3) 638 637 646 458 5 A 1g 689 688 697

664

Chapter 5 95 A. D. Patil Ph. D Thesis Table5.5: Values of absorption bands (ʋ 1 and ʋ 2 ) and band gap energy for Ni 0.4 Cu

0.3 Zn 0.3 Fe 2 O 4 doped with TiO 2 additive wt.% TiO 2 Absorption Bands cm -1 E g eV ʋ 1 ʋ 2 0 579.87 397.32 1.115 1

624.52 403.41 1.528 2 624.01 424.72 1.502 3 619.57 407.37 1.464 5 577.08 399.47 1.424 10 622.87 416.22 1.411

Chapter 5 96 A. D. Patil Ph. D Thesis Table 5.6: Magnetic parameters of Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 ferrites doped with

different concentrations of the TiO 2 additive. Wt.% TiO 2 Magnetization Saturation (M s ) (emu gm -1 ) η B (µ B )

Coercivity (H c ) (Oe) Magnetization Remenant (M r ) (emu gm -1 ) 0 71.684 3.052 40.874 7.278 1 71.227 3.114 46.592

8.624 2 70.920 3.115 51.224 6.652 3 67.672 3.182 51.329 7.653 5 66.166 3.196 51.630 7.768 10 63.566 3.434 53.424 9.692

Chapter 5 97 A. D. Patil Ph. D Thesis Table5.7: The line width (Γ), isomer shift (IS), quadru pole splitting (QS), Hyperfine

magnetic field (H hf ) and relative area (A)
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in percentage of tetrahedral and octahedral sites of Fe 3+ ions for TiO 2 doped Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 ferrite

derived from Mössbauer spectra recorded at room temperature.

Sextet A: Tetrahedral site, Sextet B: Octahedral site

Sample Iron site Γ (mm/s) IS (mm/s) QS (mm/s) H hf (Tesla) A (%) 0% Sextet A 0.69 ± 0.02 0.29 ± 0.01 -0.02± 0.01 47.5 ±

0.1 67 Sextet B 1.07± 0.07 0.32 ± 0.02 0.02 ± 0.01 42.4 ± 0.1 33 2% Sextet A 0.73± 0.03 0.29 ± 0.01 0.03± 0.02 47.1 ± 0.1

70 Sextet B 0.73 ± 0.03 0.41 ± 0.02 -0.01± 0.01 41.9 ± 0.1 30 5% Sextet A 0.74± 0.02 0.29 ± 0.01 0.01± 0.02 47.1 ± 0.1 72

Sextet B 0.74 ± 0.02 0.36 ± 0.02 0.07± 0.04 41.6 ± 0.1 28 10% Sextet A 0.76± 0.01 0.29 ± 0.01 -0.02± 0.02 47.5 ± 0.1 71

Sextet B - 0.76 ±0.01 0.29 ± 0.02 -0.05± 0.02 42.7 ± 0.1 29

Chapter 5 98 A.

D. Patil Ph. D Thesis Table5.8: Ultrasonic wave velocities TiO 2 Composition in Nanocrystalline Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O

4 ferrites. Composition TiO 2 in % V L (m/Sec) V S (m/Sec) V m (m/Sec) 0 4082 2357 2617 1 4030 2327 2583 2 4004 2312

2567 3 3978 2297 2550 5 3952 2282 2533 10 3900 2252 2500

Chapter 5 99 A. D. Patil Ph. D Thesis Fig. 5.1:Rietveld refined x-ray diffraction patterns of the TiO 2 doped Ni 0.4 Cu 0.3 Zn

0.3 Fe 2 O 4 ferrites. Bragg’s peak positions are pointed by green and pink colored vertical lines at the bottom of XRD of

the ferrite with x = 10 wt. %.

Chapter 5 100 A. D. Patil Ph. D Thesis Fig. 5.2 (a): SEM images of TiO 2 doped Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 ferrites

Chapter 5 101 A. D. Patil Ph. D Thesis Fig. 5.2 (b): Elemental mapping and EDX pattern of TiO 2 doped Ni 0.4 Cu 0.3 Zn 0.3

Fe 2 O 4 ferrite

Chapter 5 102 A. D. Patil Ph. D Thesis Fig.5.3: Raman Spectra of Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 ferrites doped with varying

wt. % TiO 2 additive.

Chapter 5 103 A. D. Patil Ph. D Thesis . Fig.5.4: FTIR Spectra of TiO 2 doped Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 ferrites

Chapter 5 104 A. D. Patil Ph. D Thesis Fig. 5.5: The Absorbance spectra of TiO 2 doped Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4

ferrites.

Chapter 5 105 A. D. Patil Ph. D Thesis Fig. 5.6: Tauc plots of Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 ferrites doped with varying

content of TiO 2 additive.

Chapter 5 106 A. D. Patil Ph. D Thesis Fig. 5.7: Room temperature magnetic hysteresis loops for TiO 2 doped Ni- Cu-Zn

ferrites. Inset shows the variations of coercivity with varying TiO 2 doping.

Chapter 5 107 A. D. Patil Ph. D Thesis Fig. 5.8: Room temperature Mössbauer spectra for the typical samples (0, 2, 5 and

10%) of TiO 2 doped Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 ferrites

Chapter 5 108 A. D. Patil Ph. D Thesis Fig.5.9: Variation of elastic moduli in Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 ferrite with TiO 2

composition.

Chapter 5 109 A. D. Patil Ph. D Thesis Fig.5.10: Cole-Cole plots for all Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 samples doped with

TiO 2 .

Chapter 5 110 A. D. Patil Ph. D Thesis Fig.5.11: Variation of dielectric constant with the logarithm of Frequency at room

temperature.

Chapter 5 111 A. D. Patil Ph. D Thesis Fig.5.12: Variation of Dielectric loss tangent with the logarithm of frequency at room

temperature.

Chapter 5 112 A. D. Patil Ph. D Thesis Fig.5.13: Variation of AC Conductivity with the logarithm of the frequency .

Chapter 6 113 A. D. Patil Ph.D. Thesis Chapter 6 Conclusions 6.1 Conclusion on Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 + xTa 2 O 5

(for x= 0, 1, 2, 3, 5 and 10 wt. %) Sol gel method was usedfor the synthesis of Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 doped with Ta

2 O 5 additive. The structural analysis of all the investigated samples was done with Rietveld refinement using FULLPROF

software. The result shows a cubic spinel structure and formation of secondary phase of FeTaO 4 with increasing Ta 2 O 5

composition. The lattice constant decreased with the increase in Ta 2 O 5 doping content. The

crystallite size was obtained using Debye-Scherer’s formula and it was found that crystallite size of the
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prepared samples was increased with an increase in content of Ta 2 O 5 additive.Spinel structure of the investigated

samples was confirmed by observing two main absorption bands in FTIR spectrum. There is variation in of force constant

value of ions as well as bond lengths of cations and oxygen ions at the tetrahedral and octahedral site in NiCuZn ferrite

doped with Ta 2 O 5 additive. Also there was no systematic variation in the ratio υ 1 /υ 2 which shows that Ta 2 O 5

additive do not considerably alter the site occupancy of cations present in the NiCuZn ferrite system. SEM analysis shows

spherical shaped particles with some agglomeration. The band gap energies of synthesized ferrite samples were obtained

from UV-Visible diffused reflectance spectra and increased with the Ta 2 O 5 additive concentration of ≤ 5 wt.%, however,

further increase in Ta 2 O 5 doping concentration of < 5 wt% decrease the band gap energy.There was decrement in

saturation magnetization with enhancement in Ta 2 O 5 additive concentration in NiCuZn ferrite samples. DC electrical

resistivity was decreased with increment in temperature. The computed values of activation energy were found to be

higher for the paramagnetic

Chapter 6 114 A. D. Patil Ph.D. Thesis region than the ferromagnetic region. The results for the dielectric constant and

dielectric loss tangent were decreased with an increase in frequencies for Ta 2 O 5 doped samples. Further, the estimated

AC conductivity values were increased with Ta 2 O 5 additive composition. 6.2 Conclusion onNi 0.4 Cu 0.3 Zn 0.3 Fe 2 O

4 + xTiO 2 (for x= 0, 1, 2, 3, 5 and 10 wt. %) Nanocrystalline Ni-Cu-Zn ferrites (Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 ) doped with

varying wt. % of TiO 2 additive were successfully synthesized by the sol-gel method. The analysis of XRD data

throughRietveld refinement has revealed the creation of cubic spinel phase having Fd3m space group within the ferrites.

Further, with the addition of TiO 2 in Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 ferrite, a secondary phase with a space group I41/amd

was observed for x ≥ 0.3 wt. % of doping. There is an increment in the values of lattice parameter up to 5 wt. % of TiO 2

doping and for higher doping of 10 wt. % of TiO 2 it declines. FESEM morphology depicts the agglomeration of spherical

shaped particles at few places. The compositional purity of prepared ferrites was confirmed from elemental mapping and

energy dispersive x-ray spectroscopy. From the Raman and FTIR spectra, spinel cubic structure of the investigated ferrite

samples along with the creation of secondary phase of TiO 2 (for x ≥ 0.3 wt. %) was confirmed. From the plots, the values

of band gap energy for the studied samples were investigated and it is evident that the band gap energy value of the pure

sample is less than the doped samples and there is a decrement in band gap energy with rise in TiO 2 content in Ni-Cu-

Zn ferrite. Magnetic study depicts that the saturation magnetization was reduced with rise in the TiO 2 concentration.

Also, all the samples exhibit normal characters of soft magnetic materials at room temperature. Mössbauer spectra

analysis suggested that the TiO 2 ions do not accommodate in the ferrite lattice and decrease in saturation magnetization

is mainly related to increase in non-magnetic phase of TiO 2 in the ferrites. The ultrasonic pulse transmission method was

employed to determine the elastic properties of the ferrites.

The elastic constants initially increased with an increase in TiO 2 up to 1 wt % and then

declined with the further addition of TiO 2 . LCR-Q meter was used

Chapter 6 115 A. D. Patil Ph.D. Thesis

to study the dielectric properties within 50 Hz to 5 MHz range of the frequency. The dielectric constant (

ɛ′) as well as dielectric loss tangent was

decreased continuously with increased frequency for all the selected samples at room temperature revealing normal

dielectric behavior of ferrites. Also, the AC conductivity was increased with an increase in the frequency of all the selected

samples. Cole-Cole plots were obtained for all

the investigated samples and showed a

single semicircle which indicates that the electrical conduction process appears only due to grain boundaries. 6.3

Scope for Future Work An elaborate research work is undertaken after identifying the objectives and defined problem

statement based on exhaustive literature survey. The objectives identified are accomplishedwith various experimental

techniques. The present work would ultimately lead to miniaturization and high efficiency electronic devices. It is

concurred that, the applications of electronic devices required soft magnetic materials as its fundamental magnetic

component and NiCuZn ferrite with presently selected dopant is a suitable and promising candidate for these demands

and are considered for multilayer chip inductors applications. Further confirmations in this direction with the device level

demonstrations of the present compositions would be conclusive and fruitful, which remains as a scope of the present

work.



31/44

90% MATCHING BLOCK 1/44 https://www.researchgate.net/publication/28254 ...

The elastic constants initially increased with an increase in TiO 2 up to 1 wt. % and then

96% MATCHING BLOCK 2/44 https://www.researchgate.net/publication/28254 ...

frequency for all the selected samples at room temperature revealing normal dielectric behavior of ferrites. Also, the AC

conductivity was increased with an increase in the frequency of all the selected samples. Cole-Cole plots were obtained

for all

100% MATCHING BLOCK 3/44 https://www.researchgate.net/publication/28254 ...

single semicircle which indicates that the electrical conduction process appears only due to grain boundaries.

75% MATCHING BLOCK 4/44 https://docplayer.net/150337558-Doctor-of-phil ...

H The relative permeability is given by the ratio of the magnetic permeability to that of free space = 0

50% MATCHING BLOCK 5/44 https://docplayer.net/150337558-Doctor-of-phil ...

to the intrinsic atomic level interaction among metal ions and oxygen. This enables the ferrite to find out applications at

maximum frequencies and

87% MATCHING BLOCK 6/44 http://prr.hec.gov.pk/jspui/bitstream/12345678 ...

The properties of spinel ferrites depend on distribution of cations between the

100% MATCHING BLOCK 8/44 https://www.researchgate.net/profile/Carlos_Ar ...

A. Hagfeldth, M. Gratzel, Chem. Rev., 95(1995) 49 [14] S. Prasad, N. S. Gajbhiye, J. Alloys Compd. , 265 (1998) 87 [15] B.

Viswanathan, V.R.K. Murthy: Ferrite Materials. Springer Verlag, Berlin,(1990) [16]

41% MATCHING BLOCK 9/44 http://repository.sustech.edu/bitstream/handle ...

is smaller than that of the B lattice (M B ). Therefore net saturation magnetization (Ms) is represented as M s = |M B -M A

|

90% MATCHING BLOCK 7/44 https://docplayer.net/150337558-Doctor-of-phil ...

E. Shirsath, B. G. Toksha, M. L. Mane, V. N. Dhage, D. R. Shengule, K. M. Jadhav, Powder Technology, 212 (2011) 218 [17]

S.

95% MATCHING BLOCK 11/44 http://www.jetir.org/papers/JETIR2010314.pdf

Electricity and Magnetism, Oxford University Press.New York, 1(1973)828 [25] K.W.Wagner,



32/44

64% MATCHING BLOCK 15/44 https://www.researchgate.net/publication/25677 ...

Scanning Electron Microscope (SEM) (3) Energy Dispersive Spectroscopy (EDX) (4) Infrared spectroscopy (IR) (5) Raman

Spectroscopy (6) Vibrating Sample Magnetometer (VSM) (7)

100% MATCHING BLOCK 10/44 https://docplayer.net/150337558-Doctor-of-phil ...

Field Emission Scanning Electron Microscopy (FE-SEM) Scanning electron microscopy (

91% MATCHING BLOCK 12/44 https://docplayer.net/150337558-Doctor-of-phil ...

The relationship between induced magnetic flux density (B) and magnetizing force (H)

44% MATCHING BLOCK 13/44 https://docplayer.net/150337558-Doctor-of-phil ...

t is the thickness of the sample, A is cross-sectional area of the sample, is the resistivity and R is the resistance of the

67% MATCHING BLOCK 18/44 https://www.researchgate.net/publication/22368 ...

dielectric constant (ε′), loss tangent (tanδ) and AC conductivity as a function of frequency in the range 50 Hz to 5 MHz at

room temperature.

95% MATCHING BLOCK 14/44 https://www.researchgate.net/publication/28254 ...

of the pellet, ε 0 is the permittivity of the free space,

96% MATCHING BLOCK 22/44 https://www.researchgate.net/publication/26956 ...

Introduction The study of spinel ferrite is of great importance from both fundamental and

50% MATCHING BLOCK 16/44 http://www.jetir.org/papers/JETIR2010314.pdf

in the range 50Hz to 5 MHz. The dielectric constant was estimated using formula; A d C p ? ? ? 0 ' ? ? (1) Where Cp is

parallel capacitance, d is thickness

58% MATCHING BLOCK 17/44 https://docplayer.net/150337558-Doctor-of-phil ...

in thelattice constant may be due to the difference in ionic radii of Ta, Ni, Cu, Zn and Fe ions. The ionic radii of

70% MATCHING BLOCK 23/44 https://www.researchgate.net/publication/22334 ...

Scherrer’s formula [29] D = 0.9 λ βcosθ (3) Where λ is the wavelength of x-rays, β is the full width at half-maximum

(FWHM) and θ is the

78% MATCHING BLOCK 19/44 http://prr.hec.gov.pk/jspui/bitstream/12345678 ...

can also be justified on the basis of exchange interactions between tetrahedral and octahedral



33/44

100% MATCHING BLOCK 20/44 https://docplayer.net/150337558-Doctor-of-phil ...

E.Shirsath, R.H.Kadam, S.M.Patange, M.L.Mane,

87% MATCHING BLOCK 21/44 https://docplayer.net/150337558-Doctor-of-phil ...

Reddy, K. V. Siva Kumar, V. R. K. Murthy, R. R. Reddy,

87% MATCHING BLOCK 27/44 https://core.ac.uk/download/pdf/35351804.pdf

W. D. Kingery, H. K. Bowen, D. R. Uhlman,Introduction to Ceramics,2

82% MATCHING BLOCK 24/44 https://www.researchgate.net/publication/28254 ...

NO 3 ) 2 .6H 2 O), nickel nitrate (Ni (NO 3 ) 2 .6H 2 O), ferric nitrate (Fe (NO 3 ) 3 .9H 2 O) and citric acid (C 6 H 8 O 7 )

were utilized for the synthesis

83% MATCHING BLOCK 28/44 https://www.researchgate.net/publication/29207 ...

Then, the solution was kept on a hot plate at 80°C with continuous stirring until

50% MATCHING BLOCK 25/44 http://www.jetir.org/papers/JETIR2010314.pdf

using Debye Scherer’s equation [32], = 0.9 βcos θ (1) Where θ is the Bragg’s angle, λ is the wavelength of X-rays and β is

the full-width half- maximum (FWHM). The

73% MATCHING BLOCK 26/44 https://www.researchgate.net/publication/28254 ...

Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 doped with TiO 2 additive were synthesized by sol gel method

73% MATCHING BLOCK 44/44 https://www.researchgate.net/publication/25161 ...

to vibrations of the metal ion-oxygen bonds in tetrahedral and octahedral sites respectively [42]. The

75% MATCHING BLOCK 31/44 https://www.researchgate.net/publication/22937 ...

The magnetic properties of the ferrites were explored at room temperature by using vibrating sample magnetometer.

The hysteresis

52% MATCHING BLOCK 29/44 https://docplayer.net/150337558-Doctor-of-phil ...

The range of values of IS indicated that Fe ions exist in 3 + valence state with high spin configuration [54]. The

62% MATCHING BLOCK 30/44 http://www.jetir.org/papers/JETIR2010314.pdf

p ? ? ? 0 ' ? ? (17) Where C is capacitance, d is thickness, A is the cross-sectional area of the pellet and ε 0 is permittivity

of free space.



34/44

68% MATCHING BLOCK 33/44 https://www.researchgate.net/publication/22948 ...

due to the fact that after a certain frequency of external alternating field, the electronic exchange between Fe 2+ and Fe

3+ does not follow the field. 5.3.10.2

93% MATCHING BLOCK 32/44 https://docplayer.net/150337558-Doctor-of-phil ...

B. G. Toksha, S. E. Shirsath, M. L. Mane, S.M. Patange, S. S. Jadhav, K. M. Jadhav, J. Phys. Chem. ,C 115 (2011) 20905 [9]

100% MATCHING BLOCK 37/44 https://www.researchgate.net/publication/22193 ...

B.G. Toksha, S.E. Shirsath, S.M. Patange, K.M. Jadhav,

70% MATCHING BLOCK 38/44 https://www.researchgate.net/publication/32233 ...

J.Magn.Magn.Mater, 401(2016) 16 [39] S. Thota, S.C. Kashyap, S.K. Sharma, V.R. Reddy,

80% MATCHING BLOCK 34/44 http://www.jetir.org/papers/JETIR2010314.pdf

J. C. Maxwell. Electricity and magnetism 1 Oxford: Oxford University Press, (1929) [62] K.W. Wagner.

44% MATCHING BLOCK 35/44 https://docplayer.net/150337558-Doctor-of-phil ...

in percentage of tetrahedral and octahedral sites of Fe 3+ ions for TiO 2 doped Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 ferrite

derived from Mössbauer spectra recorded at room temperature.

42% MATCHING BLOCK 36/44 https://docplayer.net/150337558-Doctor-of-phil ...

Sample Iron site Γ (mm/s) IS (mm/s) QS (mm/s) H hf (Tesla) A (%) 0% Sextet A 0.69 ± 0.02 0.29 ± 0.01 -0.02± 0.01 47.5 ±

0.1 67 Sextet B 1.07± 0.07 0.32 ± 0.02 0.02 ± 0.01 42.4 ± 0.1 33 2% Sextet A 0.73± 0.03 0.29 ± 0.01 0.03± 0.02 47.1 ± 0.1

70 Sextet B 0.73 ± 0.03 0.41 ± 0.02 -0.01± 0.01 41.9 ± 0.1 30 5% Sextet A 0.74± 0.02 0.29 ± 0.01 0.01± 0.02 47.1 ± 0.1 72

Sextet B 0.74 ± 0.02 0.36 ± 0.02 0.07± 0.04 41.6 ± 0.1 28 10% Sextet A 0.76± 0.01 0.29 ± 0.01 -0.02± 0.02 47.5 ± 0.1 71

Sextet B - 0.76 ±0.01 0.29 ± 0.02 -0.05± 0.02 42.7 ± 0.1 29 Chapter 5 98 A.

58% MATCHING BLOCK 43/44 https://www.researchgate.net/publication/25161 ...

crystallite size was obtained using Debye-Scherer’s formula and it was found that crystallite size of the

90% MATCHING BLOCK 39/44 https://www.researchgate.net/publication/28254 ...

The elastic constants initially increased with an increase in TiO 2 up to 1 wt % and then

100% MATCHING BLOCK 40/44 https://www.researchgate.net/publication/28254 ...

to study the dielectric properties within 50 Hz to 5 MHz range of the frequency. The dielectric constant (



35/44

96% MATCHING BLOCK 41/44 https://www.researchgate.net/publication/28254 ...

decreased continuously with increased frequency for all the selected samples at room temperature revealing normal

dielectric behavior of ferrites. Also, the AC conductivity was increased with an increase in the frequency of all the

selected samples. Cole-Cole plots were obtained for all

100% MATCHING BLOCK 42/44 https://www.researchgate.net/publication/28254 ...

single semicircle which indicates that the electrical conduction process appears only due to grain boundaries. 6.3



36/44

Hit and source - focused comparison, Side by Side

Submitted text As student entered the text in the submitted document.

Matching text As the text appears in the source.

1/44 SUBMITTED TEXT 21 WORDS

The elastic constants initially increased with an increase in

TiO 2 up to 1 wt. % and then

90% MATCHING TEXT 21 WORDS

The elastic constants initially increase with an increase in

TiO2 up to 1 wt % and then

https://www.researchgate.net/publication/282545713_Electrical_and_Dielectrical_Properties_of_Low- ...

2/44 SUBMITTED TEXT 39 WORDS

frequency for all the selected samples at room

temperature revealing normal dielectric behavior of

ferrites. Also, the AC conductivity was increased with an

increase in the frequency of all the selected samples.

Cole-Cole plots were obtained for all

96% MATCHING TEXT 39 WORDS

frequency for all the selected samples at room

temperature revealing normal dielectric behavior of

ferrites. Also, the AC conductivity was increased with an

increase in the frequency for all the selected samples.

Cole-Cole plots were obtained for all

https://www.researchgate.net/publication/282545713_Electrical_and_Dielectrical_Properties_of_Low- ...

3/44 SUBMITTED TEXT 16 WORDS

single semicircle which indicates that the electrical

conduction process appears only due to grain boundaries.

100% MATCHING TEXT 16 WORDS

single semicircle which indicates that the electrical

conduction process appears only due to grain boundaries.

https://www.researchgate.net/publication/282545713_Electrical_and_Dielectrical_Properties_of_Low- ...

4/44 SUBMITTED TEXT 34 WORDS

H The relative permeability is given by the ratio of the

magnetic permeability to that of free space = 0

75% MATCHING TEXT 34 WORDS

H (1.2) The relative permeability is defined by the ratio of

&nbsp;&nbsp;&nbsp;magnetic permeability to that of free

space.

https://docplayer.net/150337558-Doctor-of-philosophy.html



37/44

5/44 SUBMITTED TEXT 24 WORDS

to the intrinsic atomic level interaction among metal ions

and oxygen. This enables the ferrite to find out

applications at maximum frequencies and

50% MATCHING TEXT 24 WORDS

to the intrinsic atomic level interface between oxygen and

metal ions, ferrite has higher resistivity compared to

ferromagnetic metals. This enables the ferrite to find out

applications at higher frequencies and

https://docplayer.net/150337558-Doctor-of-philosophy.html

6/44 SUBMITTED TEXT 13 WORDS

The properties of spinel ferrites depend on distribution of

cations between the

87% MATCHING TEXT 13 WORDS

the magnetic properties of spinel ferrites depend strongly

on the distribution of cations between the

http://prr.hec.gov.pk/jspui/bitstream/123456789/2067/2/1603S.pdf

8/44 SUBMITTED TEXT 34 WORDS

A. Hagfeldth, M. Gratzel, Chem. Rev., 95(1995) 49 [14] S.

Prasad, N. S. Gajbhiye, J. Alloys Compd. , 265 (1998) 87

[15] B. Viswanathan, V.R.K. Murthy: Ferrite Materials.

Springer Verlag, Berlin,(1990) [16]

100% MATCHING TEXT 34 WORDS

A. Hagfeldth, M. Gratzel, Chem. Rev. 95 (1995) 49. [2] S.

Prasad, N. S. Gajbhiye, J. Alloys Compd. 265 (1998) 87. [3]

B. Viswanathan, V.R.K. Murthy: Ferrite Materials. Springer

Verlag, Berlin (1990) [4]

https://www.researchgate.net/profile/Carlos_Arean/post/What_the_types_of_ferrites/attachment/59d6 ...

9/44 SUBMITTED TEXT 42 WORDS

is smaller than that of the B lattice (M B ). Therefore net

saturation magnetization (Ms) is represented as M s = |M B

-M A |

41% MATCHING TEXT 42 WORDS

is greater than that of the A lattice (M A ) so that the

resultant saturation magnetization (M S ) may be written

as M S = M B - M A . 1.1.2.3.

http://repository.sustech.edu/bitstream/handle/123456789/9342/Catalytic%20Activity%20of%20Prepare ...

7/44 SUBMITTED TEXT 25 WORDS

E. Shirsath, B. G. Toksha, M. L. Mane, V. N. Dhage, D. R.

Shengule, K. M. Jadhav, Powder Technology, 212 (2011)

218 [17] S.

90% MATCHING TEXT 25 WORDS

E. Shirsath. B. G. Toksha, M. L. Mane, V. N. Dhage, D. R.

Shengule and K. M. Jadhav, Powder Technol. 212 (2011)

218. [28] S.

https://docplayer.net/150337558-Doctor-of-philosophy.html



38/44

11/44 SUBMITTED TEXT 11 WORDS

Electricity and Magnetism, Oxford University Press.New

York, 1(1973)828 [25] K.W.Wagner,

95% MATCHING TEXT 11 WORDS

Electricity and Magnetism, Vol. 1. Oxford University Press,

New York, (1973) 88. [41] K.W. Wagner,

http://www.jetir.org/papers/JETIR2010314.pdf

15/44 SUBMITTED TEXT 24 WORDS

Scanning Electron Microscope (SEM) (3) Energy Dispersive

Spectroscopy (EDX) (4) Infrared spectroscopy (IR) (5)

Raman Spectroscopy (6) Vibrating Sample Magnetometer

(VSM) (7)

64% MATCHING TEXT 24 WORDS

scanning electron microscopy (HR-SEM), energy-

dispersive X-ray spectroscopy (EDX), Fourier transform

infrared spectroscopy (FT-IR), and vibrating sample

magnetometer (VSM).

https://www.researchgate.net/publication/256770513_Investigation_of_structural_magnetic_electrica ...

10/44 SUBMITTED TEXT 10 WORDS

Field Emission Scanning Electron Microscopy (FE-SEM)

Scanning electron microscopy (

100% MATCHING TEXT 10 WORDS

Field Emission Scanning Electron Microscopy (FE-SEM)

Scanning electron microscopy

https://docplayer.net/150337558-Doctor-of-philosophy.html

12/44 SUBMITTED TEXT 13 WORDS

The relationship between induced magnetic flux density

(B) and magnetizing force (H)

91% MATCHING TEXT 13 WORDS

the relationship between the induced magnetic flux

density (B) 52 63 and the magnetizing force (H).

https://docplayer.net/150337558-Doctor-of-philosophy.html

13/44 SUBMITTED TEXT 28 WORDS

t is the thickness of the sample, A is cross-sectional area

of the sample, is the resistivity and R is the resistance of

the

44% MATCHING TEXT 28 WORDS

t is the thickness of &nbsp;&nbsp;&nbsp;pellet, A is the

cross sectional area of the flat surface of the pellet and Cp

is the capacitance of the

https://docplayer.net/150337558-Doctor-of-philosophy.html



39/44

18/44 SUBMITTED TEXT 27 WORDS

dielectric constant (ε′), loss tangent (tanδ) and AC

conductivity as a function of frequency in the range 50 Hz

to 5 MHz at room temperature.

67% MATCHING TEXT 27 WORDS

dielectric constant (ɛ′), dielectric loss tangent (tan δ) and

AC conductivity (σac) were as a function of

&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&

nbsp;Zn and frequency the range &nbsp;&nbsp;from 100

to 1 MHz at room temperature.

https://www.researchgate.net/publication/223682590_Electrical_conductivity_of_nickel-zinc_and_Cr_ ...

14/44 SUBMITTED TEXT 15 WORDS

of the pellet, ε 0 is the permittivity of the free space,

95% MATCHING TEXT 15 WORDS

of the pellet, and ε0is the permittivity of the free space.

https://www.researchgate.net/publication/282545713_Electrical_and_Dielectrical_Properties_of_Low- ...

22/44 SUBMITTED TEXT 15 WORDS

Introduction The study of spinel ferrite is of great

importance from both fundamental and

96% MATCHING TEXT 15 WORDS

INTRODUCTION The study of spinel ferrite is of great

importance from both the fundamental and

https://www.researchgate.net/publication/269564409_Temperature_and_Frequency_Dependent_Permeabili ...

16/44 SUBMITTED TEXT 65 WORDS

in the range 50Hz to 5 MHz. The dielectric constant was

estimated using formula; A d C p ? ? ? 0 ' ? ? (1) Where Cp

is parallel capacitance, d is thickness

50% MATCHING TEXT 65 WORDS

in the frequency range 20 Hz to 1 MHz. The real part of

the dielectric constant (ε') was estimated using the

equation [39]. A tC p 0 ' ? ? ? (3) Where Cp is

&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;ca

pacitance, t is thickness,

http://www.jetir.org/papers/JETIR2010314.pdf

17/44 SUBMITTED TEXT 25 WORDS

in thelattice constant may be due to the difference in

ionic radii of Ta, Ni, Cu, Zn and Fe ions. The ionic radii of

58% MATCHING TEXT 25 WORDS

in lattice constant can be attributed to the difference in

ionic radii of Ni'* (0.69A), Cu'- (0.724 A) and Fe3-(0.67A)

ions. The average ionic radii of

https://docplayer.net/150337558-Doctor-of-philosophy.html



40/44

23/44 SUBMITTED TEXT 29 WORDS

Scherrer’s formula [29] D = 0.9 λ βcosθ (3) Where λ is the

wavelength of x-rays, β is the full width at half-maximum

(FWHM) and θ is the

70% MATCHING TEXT 29 WORDS

Scherrer's formula [24] D ¼ 0:9λ β cos θ ð3:1Þ where D is

the crystallite size, λ is the wavelength of x-rays (1.54 Å), β
is the full width at half maximum,

&nbsp;&nbsp;&nbsp;&nbsp;and θ is the

https://www.researchgate.net/publication/223349848_Preparation_of_nanocrystalline_MnFe2O4_by_dopi ...

19/44 SUBMITTED TEXT 15 WORDS

can also be justified on the basis of exchange interactions

between tetrahedral and octahedral

78% MATCHING TEXT 15 WORDS

can also be explained on the basis of exchange

interaction between ions at tetrahedral (A) and octahedral

(

http://prr.hec.gov.pk/jspui/bitstream/123456789/2067/2/1603S.pdf

20/44 SUBMITTED TEXT 5 WORDS

E.Shirsath, R.H.Kadam, S.M.Patange, M.L.Mane,

100% MATCHING TEXT 5 WORDS

E. Shirsath, R. H. Kadam, S. M. Patange, M. L. Mane,

https://docplayer.net/150337558-Doctor-of-philosophy.html

21/44 SUBMITTED TEXT 12 WORDS

Reddy, K. V. Siva Kumar, V. R. K. Murthy, R. R. Reddy,

87% MATCHING TEXT 12 WORDS

Reddy, K.V. Siva Kumar, V.R.K. Murthy, R. Ramakrishna

Reddy,

https://docplayer.net/150337558-Doctor-of-philosophy.html

27/44 SUBMITTED TEXT 13 WORDS

W. D. Kingery, H. K. Bowen, D. R. Uhlman,Introduction to

Ceramics,2

87% MATCHING TEXT 13 WORDS

W.D. Kingery, H.K. Bowen, D.R. Uhlmann, Introduction to

Ceramics,

https://core.ac.uk/download/pdf/35351804.pdf

24/44 SUBMITTED TEXT 67 WORDS

NO 3 ) 2 .6H 2 O), nickel nitrate (Ni (NO 3 ) 2 .6H 2 O),

ferric nitrate (Fe (NO 3 ) 3 .9H 2 O) and citric acid (C 6 H 8

O 7 ) were utilized for the synthesis

82% MATCHING TEXT 67 WORDS

NO3)2·6H2O), magnesium NO3)2·6H2O), ferric nitrate

(Fe(NO3)3·9H2O), citric acid (C6H8O7) were used for the

synthesis.

https://www.researchgate.net/publication/282545713_Electrical_and_Dielectrical_Properties_of_Low- ...



41/44

28/44 SUBMITTED TEXT 16 WORDS

Then, the solution was kept on a hot plate at 80°C with

continuous stirring until

83% MATCHING TEXT 16 WORDS

Then the resultant solution was dehydrated slowly on a

hot plate at 80 °C with continuous stirring until

https://www.researchgate.net/publication/292073468_Dielectric_Complex_Impedance_and_Electrical_Tr ...

25/44 SUBMITTED TEXT 36 WORDS

using Debye Scherer’s equation [32], = 0.9 βcos θ (1)

Where θ is the Bragg’s angle, λ is the wavelength of X-rays

and β is the full-width half- maximum (FWHM). The

50% MATCHING TEXT 36 WORDS

using Debye Scherrer's

&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&

nbsp;&nbsp;&nbsp;&nbsp;&nbsp;relation [23]. Where, k =

0.9 is the Scherrer’s constant, =1.540562Å is the

wavelength of X-rays and &nbsp;is the full-width half

maxima (FWHM) of the

http://www.jetir.org/papers/JETIR2010314.pdf

26/44 SUBMITTED TEXT 34 WORDS

Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 doped with TiO 2 additive

were synthesized by sol gel method

73% MATCHING TEXT 34 WORDS

Ni0.4Cu0.3Zn0.3Fe2O4 ferrites doped with TiO2 (0–10 wt

%) were prepared by the sol-gel method.

https://www.researchgate.net/publication/282545713_Electrical_and_Dielectrical_Properties_of_Low- ...

44/44 SUBMITTED TEXT 16 WORDS

to vibrations of the metal ion-oxygen bonds in tetrahedral

and octahedral sites respectively [42]. The

73% MATCHING TEXT 16 WORDS

to the vibrations of the metal ion-oxygen complexes in

the tetrahedral and octahedral sites [10].

&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&

nbsp;&nbsp;&nbsp;&nbsp;The

https://www.researchgate.net/publication/251616003_Enhancement_of_the_magnetic_properties_of_Ni-C ...

31/44 SUBMITTED TEXT 19 WORDS

The magnetic properties of the ferrites were explored at

room temperature by using vibrating sample

magnetometer. The hysteresis

75% MATCHING TEXT 19 WORDS

The magnetic properties of the samples were investigated

at room temperature by using a vibrating sample

magnetometer (VSM). The magnetic hysteresis (

https://www.researchgate.net/publication/229370579_Structural_magnetic_and_electrical_properties_ ...



42/44

29/44 SUBMITTED TEXT 25 WORDS

The range of values of IS indicated that Fe ions exist in 3 +

valence state with high spin configuration [54]. The

52% MATCHING TEXT 25 WORDS

The range of values of isomer shift indicates that iron

exists in Fe3+ valence state with high spin configuration in

the

https://docplayer.net/150337558-Doctor-of-philosophy.html

30/44 SUBMITTED TEXT 31 WORDS

p ? ? ? 0 ' ? ? (17) Where C is capacitance, d is thickness, A

is the cross-sectional area of the pellet and ε 0 is

permittivity of free space.

62% MATCHING TEXT 31 WORDS

p 0 ' ? ? ? (3) Where Cp is capacitance, t is thickness, A is

&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&

nbsp;be the area the cross-

&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&

nbsp;section of the synthesized pellet and ε 0 is

permittivity of free space.

http://www.jetir.org/papers/JETIR2010314.pdf

33/44 SUBMITTED TEXT 34 WORDS

due to the fact that after a certain frequency of external

alternating field, the electronic exchange between Fe 2+

and Fe 3+ does not follow the field. 5.3.10.2

68% MATCHING TEXT 34 WORDS

due to the fact that beyond a certain frequency of

external AC field, the electron exchange between Fe 2+

and Fe 2+ &nbsp;&nbsp;&nbsp;&nbsp;cannot follow the

field.

https://www.researchgate.net/publication/229484169_Dielectric_and_magnetic_properties_of_citrate- ...

32/44 SUBMITTED TEXT 26 WORDS

B. G. Toksha, S. E. Shirsath, M. L. Mane, S.M. Patange, S. S.

Jadhav, K. M. Jadhav, J. Phys. Chem. ,C 115 (2011) 20905

[9]

93% MATCHING TEXT 26 WORDS

B. G. Toksha, Sagar E. Shirsath, M. L. Mane, S. M. Patange,

S. S. Jadhav, K. M. Jadhav, J. Phys. Chem. C, 115 (2011)

[223

https://docplayer.net/150337558-Doctor-of-philosophy.html

37/44 SUBMITTED TEXT 9 WORDS

B.G. Toksha, S.E. Shirsath, S.M. Patange, K.M. Jadhav,

100% MATCHING TEXT 9 WORDS

B G Toksha • S E Shirsath • S M Patange • K M Jadhav

https://www.researchgate.net/publication/221930315_Structural_electrical_and_magnetic_properties_ ...



43/44

38/44 SUBMITTED TEXT 13 WORDS

J.Magn.Magn.Mater, 401(2016) 16 [39] S. Thota, S.C.

Kashyap, S.K. Sharma, V.R. Reddy,

70% MATCHING TEXT 13 WORDS

J. Magn. Magn. Mater. 322 (2010) 3688–3691. [45]

Suneetha Thota, Subhash C. Kashyap, Shiv K. Sharma, V.R.

Reddy,

https://www.researchgate.net/publication/322333655_Structural_optical_dielectric_and_magnetic_stu ...

34/44 SUBMITTED TEXT 17 WORDS

J. C. Maxwell. Electricity and magnetism 1 Oxford: Oxford

University Press, (1929) [62] K.W. Wagner.

80% MATCHING TEXT 17 WORDS

J.C. Maxwell, Electricity and Magnetism, Vol. 1. Oxford

University Press, New York, (1973) 88. [41] K.W. Wagner,

http://www.jetir.org/papers/JETIR2010314.pdf

35/44 SUBMITTED TEXT 37 WORDS

in percentage of tetrahedral and octahedral sites of Fe 3+

ions for TiO 2 doped Ni 0.4 Cu 0.3 Zn 0.3 Fe 2 O 4 ferrite

derived from Mössbauer spectra recorded at room

temperature.

44% MATCHING TEXT 37 WORDS

in percentage of tetrahedral and octahedral sites of Fe3

ions for

&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&

nbsp;&nbsp;Cu-&nbsp;&nbsp;Cd-Ni ferrites derived from

Mossbauer spectra recorded at room temperature.

https://docplayer.net/150337558-Doctor-of-philosophy.html

36/44 SUBMITTED TEXT 167 WORDS

Sample Iron site Γ (mm/s) IS (mm/s) QS (mm/s) H hf

(Tesla) A (%) 0% Sextet A 0.69 ± 0.02 0.29 ± 0.01 -0.02±

0.01 47.5 ± 0.1 67 Sextet B 1.07± 0.07 0.32 ± 0.02 0.02 ±

0.01 42.4 ± 0.1 33 2% Sextet A 0.73± 0.03 0.29 ± 0.01

0.03± 0.02 47.1 ± 0.1 70 Sextet B 0.73 ± 0.03 0.41 ± 0.02

-0.01± 0.01 41.9 ± 0.1 30 5% Sextet A 0.74± 0.02 0.29 ±

0.01 0.01± 0.02 47.1 ± 0.1 72 Sextet B 0.74 ± 0.02 0.36 ±

0.02 0.07± 0.04 41.6 ± 0.1 28 10% Sextet A 0.76± 0.01

0.29 ± 0.01 -0.02± 0.02 47.5 ± 0.1 71 Sextet B - 0.76

±0.01 0.29 ± 0.02 -0.05± 0.02 42.7 ± 0.1 29 Chapter 5 98

A.

42% MATCHING TEXT 167 WORDS

Sample &nbsp;&nbsp;&nbsp;&nbsp;Site F (mm/s) IS

(mm/s) QS (mm/s) &nbsp;BHF (Tesla) A 0.625± ± ± ±0.04

B 0.491± ± ± ±0.05 A 0.601± ± ± ±0.06

&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;B 0.590± ± ±

±0.08 &nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;A 0.607±

± ± ±0.12 &nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;B

0.715± ± ± ±0.07

&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;A 0.794± ± ±

±0.12 &nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;B 0.919±

± ± ±0.09 &nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;A

0.725± ± ± ±0.05

&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;B 0.783± ± ±

±0.03 &nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;&nbsp;A

1.121± ± ± ±0.03
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