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Abstract 

Nanoparticles of Mg(1-2x) (Co Ni)x Fe2O4, where x= 0.05, 0.10, 0.15, 0.20, 0.25 were 

synthesized by using sol-gel (auto-combustion) technique. X-Ray Powder Diffraction 

(XRD) for structural analysis, (FTIR) Fourier Transform Infrared Spectroscopy, 

Scanning Electron Microscopy (SEM) for morphological and surface analysis and 

Impedance Analyzer were used to investigate the dielectric properties of prepared 

samples. The XRD data patterns confirmed the formation of pure FCC (Face Centered 

Cubic) single phase spinel ferrite nanoparticles. The XRD data1was1used1to1calculate 

crystallite1size1for1each1sample and was in range from 59 ± 6nm. SEM results showed 

the uniformly synthesized nanoparticles. Octahedral and tetrahedral bands positions were 

confirmed using FTIR data. Dielectric properties were studied with the change of 

frequency at room temperature. Dielectric properties of prepared samples were found to 

be enhanced by increasing the cobalt and nickel content. The dielectric constant for pure 

magnesium ferrite was 43 which was increase 98% for the sample with highest cobalt and 

nickel content (x= 0.25) at 100HZ. Meanwhile increase of 99% was observed in 

dielectric loss and tangent loss values by increasing nickel and cobalt content. The 

increasing trend in AC conductivity was also observed with increasing frequency value. 

These results of AC impedance and electric modulus also suggested that this type of 

material can be investigated for supercapacitor, microwave absorbance applications. 
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Chapter 1  

Introduction to Material 
 

Magnetic nanoparticles have great importance in scientific world due to their attractive 

properties in magnetic fluid, catalysis, data storage devices systems, magnetic resonance 

imaging, sensors, medical diagnosis etc. [1]. The area of research regarding magnetic 

nanoparticles has been the focus of scientists and researchers for over a decade. This is 

already known that the materials change their properties fascinatingly below specific size 

[2] and for the creative use of these magnetic nanoparticles study of their fundamental 

properties is essential. Magnetic particles mostly consist of iron, cobalt, nickel and their 

chemical compounds. There are different types of magnetic nanoparticles and Ferrites are 

the most explored magnetic nanoparticles. They exhibit their magnetic properties only 

when an external field is applied. 

1.1 Introduction to magnetism  

An atom is basic building unit of everything present in this universe. An atom is 

composed of electrons, protons and neutrons. Electrons moves in orbits around nucleus 

and also spin about their own axis. Being a moving charge, electrons produce small 

amount of currents and due to changing current generate very small amount of magnetic 

field, the magnetic moment of that existing magnetic field is always along its axis of 

rotation. The other magnetic moment produce is due to the spin motion of electron. It can 

only be in up or down direction. For completely filled shells the total magnetic 

moment0is alwaysszero. But for0an unfilled shell it always has some value.  

1.2 Classificationooffmagneticmmaterials  

 Magneticcbehavior of different materialsscannbemclassified in different types. The most 

commonlyyknownttypes offmagnetism are  

 Diamagnetism  

 Paramagnetismo  
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 Anti-ferromagnetism 

 Ferromagnetism  

 

As shown in figure 1.1. Mostoof theeelements of periodicotable show diamagnetic 

behavior and metals in group Ⅰ, group Ⅱ and some of transition metals show paramagnetic 

behavior. The metals which show magnetic behavior in their elemental form are 

classified as ferromagnetic materials for example iron, cobalt and nickel. 

 

 

 

Figure 1.1: Room temperature magnetic behavior representation of  each periodic 

table elements [3]. 

 

Ferrimagnetic behavior of elements cannot be seen in any pure elements but this behavior 

can only be found in complex compounds such as mixed metal oxides for example 

ferrites etc. 

1.2.1 Diamagnetism 

Diamagnetic materials have no net magnetic effect in the absence of applied field. But 

whenever an electric field (H) is applied the motion of spinning electrons starts aligning 

in the opposite direction of the applied electric field and the net magnetic moment of the 
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whole system becomes zero. All materials have diamagnetic effect to some extent, but in 

most of the materials it is very weak and got concealed by the higher value of 

paramagnetic behavior or ferromagnetic term. For all diamagnetic materials the 

susceptibility value is temperature dependent and does not vary which any change in 

temperature.  

 

 

Figure 1.2: Atomic dipole ordering for diamagnetic materials. [4] 

1.2.2 Paramagnetism 

There are a lot of theories about Paramagnetism; those theories change from material to 

material and can only be valid for those specific materials. One of the theories is based on 

Langevin Model, according to this theory each atom has a separate magnetic moment 

and due to thermal agitation every magnetic moment is randomly oriented. But an 

externally applied field can creates can change the direction of the alignment of magnetic 

moments. When change of these alignments is in theodirectionoof appliedmmagnetic 

field it is calledoparamagnetic behavior.  Temperature changes can greatly influence the 

alignmentoof magneticmmoments. Asothe temperature increases it becomes harder for 

the magnetic moments to align in the direction of applied magnetic field due to the 

increase in thermal agitation. This also becomes reason of decrease in susceptibility. This 

behavior of paramagnetic materials can also be known as a Curie Law. This is 

representedoas  

   
 

 
  

Where Cbis known as materialmconstant (curie constant). It is a material dependent 

quantity and varies from material to material. 
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Figure 1.3: Atomic dipole ordering forrparamagneticmmaterials. [4] 

1.2.3 Ferromagnetismo 

In0the viewoof classical theory the effect of Ferromagnetism can be describe as a 

presence of field inside a material that allows and helps the magnetic moments of atoms 

to interact and align parallel to each other.no outside filed is required for that alignment 

but that inbuilt filed isisufficient toomagnetize theematerial toosaturation. In their 

elemental form only iron, cobalt and nickel show ferromagneticobehavioroat and above 

roomitemperature. Withothe increase in temperatureithe alignmentoof atomiccmagnetic 

moment mostly decreasessand material becomes paramagnetic at high temperatures. This 

transitional temperature is called Curie temperature. 

1.2.4 Anti-Ferromagnetism 

The phenomena of anti-ferromagnetism is same as ferromagnetism. But the difference in 

this case is interaction of magnetic moments leads toothe antiiparallel alignmentoof them. 

All magneticmmoments canceltthe effect of each other and in result behave as a 

diamagnetic material. Chromium is the only material which shows this kind of behavior 

at room temperature. This behavior is also temperature dependent. By increasing the 

temperature increase in thermal movements changes the material to paramagnetic 

material above transition temperature. In this case this temperature is knows as Neel 

temperature. 
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Fig 1.4: Ordering of dipoles for anti-ferromagnetism. [5] 

1.2.5 Ferrimagnetism 

The phenomena of ferrimagnetism can only be observed in more complex materials but 

not in elements such as oxides of metals etc. in the ferrimagnetic materials the both 

parallel and anti parallel alignments exists. In a part (domains) of crystal parallel 

alignment of magnetic moments occurs while in other parts (domains) anti parallel 

alignments occur. The overall effect results in a ferrimagnetism. This behavior is same as 

that of ferromagnetism but only occurs in compounds having complex crystal structure. 

1.3 An overview of ferrites 
 

Ferrite is a general term which is used for any magnetic oxide, in which iron oxide is a 

main component of their crystal structure. Fe3O4 also known as magnetite and also known 

to ancient people as a load stone was the first ever magnetic material to be recognized.  

Other magnetic materials which are discovered later ferrites are the most well-known 

ones. They are ferrimagnetic cubic spinel in nature and have combine properties of 

magnetic materials and electrical insulators. This is well known that the some properties 

of materials changes fascinatingly below a critical size and that‟s why study of Nano 

ferrites is essential for their creative use in devices. 

 

1.3.1 Historical background of ferrites   

The naturally occurring ferrites Fe3O4 aroused the scientific curiosity of man. The ancient 

people living in 600 B.C. believed that load stone (magnetite) possesses an inherent 

living force which accounts for the observed attraction between magnetite and iron. The 

first ever measurement of the magnetization of magnetite was done by Du-Bois (1890). 
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However Hilpert (1909)  was the first to prepare ferrites  having general formula 

(MOFe2O3) [6]. This this formula M= divalent metal ion an O representing the oxygen 

atoms. 

First ever X-ray analysis of magnetic particles was done by Barth and Posnjak through 

which they discovered inverted spinel structure, essential for the existence of the 

ferromagnetic properties of ferrites. In 1930 Holland became the center of extensive work 

in the field of ferrites and the importance of accurate oxygen content for the quality of 

ferrite to be used at high frequency was shown for the first time [7]. Verwey reported that 

electronic conductivity of ferrites which is mainly represents the hopping of electrons 

between Fe
+2 

/Fe
+3

 ions. The ferrite with inverted spinel structure was shown to be 

ferrimagnetic where as normal spinel structure ferrite to be nonmagnetic.  

In 1948 Neel publishedotheeexplanatory theory onnthe originoof magnetismnin ferrites 

in then modifieddhis theory in 1952 [8]. The experimental proof of Neel's theory was 

established by Gorter and Gaillard by measuring the magnetization of the mixed ferrites. 

Shull and Strauser confirmed the Neel's theory for magnetite and Zinc ferrite with the 

help of neutron diffraction studies. Koop‟s studied high conductivity in ferrites and then 

associated this with high dielectric constant and obtained the formula [9]. First 

international conference of ferrites was conducted in 1980 in which Prof Takieo 

suggested the use of ferrite material as a power ferrite. In the respective years a lot of 

work is happening regarding synthesis and usage of ferrite materials in devices. 

1.3.2 Soft ferrites 

Softfferrites arefthose whichfcan befeasily magnetizedfand demagnetizedfby thef 

application and removalfof applied field. They can only remain magnetized when they 

are in the influence of magnetic field. For soft ferritesfthe valuefof hysteresisfloop andf 

coercivityfis veryflow. Which means that the material magnetizationfcan easilyfreverse 

directionfwithout losing muchfenergy [10]. An ideal ferrite would have  

 Low value coercivity  

 Large value of saturationfmagnetization  

 Zerofvaluefremanence  

 zerofhysteresis lossfvalue 
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 Largefpermeability [11]. 

1.3.3  Hardhferritesf 

Theyfare also knownfas CeramicfMagnets. In case of hard ferrites magnetization of 

material remain retained evenfafter thefremoval of appliedffield. They haveflarge 

hysteresis loop as well as high value of coercivity. Oxides of iron, barium and strontium 

shows behavior of hard ferrites. 

1.4 Composition of ferrites 
 

Ferrites has general chemicalfformula M
+2

fFe2
+3

fO4
-2

 wherefM= divalent metal ion for 

example  

 

 Nickel ion (Ni
2+

)  Cobalt ion (Co
2+

) 

 Zinc ion (Zn
2+

)  Copper ion (Cu
2+

) 

 Magnesium ion (Mg
2+

)  Iron ion (Fe
2+

) 

 

Whenever we talk about the mixed ferries it means that we can have a combination of 

different ions. Other combinations of equivalent valency are possible. 

1.5 Structure of ferrites 
 

In 1915 W. H. Bragg determined the structure of spinel ferrite for the very first time 

along with Nishikawa [12]. The crystal structure of ferrites was same as that of mineral 

spinel (MgAl2O4) and that‟s why named after that. The structure of spinel ferrite is the 

simplest one.it consistsfof 32fclosely packedooxygen ions in a unitfcell. They have 

packed between two kinds of interstices in FCC lattice of anions. In figure 1.4(a) where, 

solid lines and the dotted lines represent the top and bottom layers of oxygen spheres 

respectively. 

To form a spinel structure the ionic radius of divalent metal ion M must be less than or 

about 1 Å. And most of the divalent metal ions (listed above) that form spinel structure 

have their ionic radius between 0.6 to 1Å [13]. If the ionic radius of M is greater than 1 Å 

then the electrostatic Coulomb force required for the stability of crystal are insufficient. 

For examples Ca
+2

 (ionic radius 1.06 Å) does not form spinel crystal, where in Mn
+2
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(0.91 Å) does form spinel crystal. In figure 1.4, it can be seen that there are two kinds of 

interstices are present, denoted by letter (A) (tetrahedral site) and (B) (octahedral site). 

 

 

Figure 1.5: Ionic positions (a) Hexagonal Close packing (b) Tetrahedralf(A) site (c) 

Octahedralf(B) site [14]. 

There are total 96 interstices are formed in spinel structure, 24 of them are filled by a 

cations, the remaining 72 remains empty. The site occupied by the cations are of two 

kinds known as tetrahedral orf(A) sitesfandfoctahedral orf(B)fsites. The (A) site only 

contain eight interstices are which are occupied and on A site each one is surrounded by 4  

Oxygen atom and on the  (B)site, sixteen are occupied and each one is surrounded by six 

oxygen ions [14] as shown in figure 1.4(b) and figure 1.4(c). 
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1.6 Classification of ferrites 
 

The ferrite can be classified by their crystal structure type. They consist of three different 

structures, Hexagonal, Garnet and Spinel. Hexagonal ferrites are important in permanent 

magnetic applications, magnetic garnets. Garnets have special applications in microwave 

devices and spinel ferrites are important in many electrical, electronic, automobile, 

computer applications.  

1.6.1 Garnet 

Garnets have chemical formula of M3Fe5O12 crystal where M can be (yttrium (Y), rare-

earth) ion for example. 

 Gadolinium (Gd) Erbium (Er) 

 Terbium (Tb) Thulium (Tm) 

 Dysprosium (Dy) Lutetium (Lu) 

 Holmium (Ho) Europium (Eu) 

 

Their chemical formula can also be written as (3M3O3) c (2Fe3O3) a (3Fe2O3) d the 

superscripts c, a, d, refer to dodecahedron (12 -coordinated), octahedron and tetrahedron 

respectively. The structure of garnets is same as that of silicate mineral (garnet). The net 

ferrimagnetism in garnets is very complex because of the presence of anti-parallel spin 

alignments among all the three sites. They are hard ferrites magnetically. 

1.6.2 Hexagonal ferrite  

The generalfformula of hexagonalfferrites isfMFe12O19,fwhere M representsfdivalent ion 

usually Ba, Sr, or Pb (barium strontium or lead). Their structure is related to the spinel 

structure in which the oxygen lattice, being Fcc consists of series of hexagonal layers of 

oxygen lying perpendicular to the (111) direction. Their crystalfstructure isfvery 

complex. That canfbe describedfas hexagonalflattice withfadditional (vertical)fc-axis. 

Hexagonal ferrites mostly magnetize along this axis easily and their direction of 

magnetization cannot be easily changeable to another axis. Hexagonal lattice consist  of 

three different lattice sites which are occupied by metal ions.  

 Tetrahedral site 
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 Octahedral site 

 Trigonal-bi-pyramid 

Each side of metal ions is surrounded by 6 oxygen ions. Their crystal as well as magnetic 

structure of hexagonal ferrites are remarkably complex and cannot be easily described. 

1.6.3 Spinel ferrite 

Spinel ferrites are soft ferrites means they can easily change their direction of 

magnetization by applying external field. They have cubic in structure. Indspinel ferritesd 

the distributiondof metaldions (fdivalent/trivalentf) at both octahedral and tetrahedral 

sites can greatly influence their properties. Barth and Ponjak observed the different 

arrangement of cations in spinel ferrites. And on the basis of different cationic 

distribution they can be categorized differently as [15]. 

 Normalfspinel  

 Inversefspinelfand 

 Random spinelfferrite 

 

Fig 1.6: Unit cell of spinal ferrites showing tetrahedral and octahedral sites [16] 
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1.6.3.1 Normal spinel ferrites 

In normal spinel ferrites, divalent metal ions occupy (A) sites and trivalent metal ions 

occupy (B) sites. These type of spinel ferrite have nofA-B interactions because (A) site 

dofnot containfany magneticfion. They only contain0B-B0interactions, in which half of 

the magnetic ions lines up in one direction and other half in other direction which leads 

nonmagnetic ferrites. ZnFe2O4 and CdFe2O4 are the examples of normal spinel ferrites. 

The cationic distribution for normal spineljferrite is given by 

 

Where,0M=divalentometaloion. 

1.6.3.2 Inverseuspineluferrites 

Inocase of inverseospineloferrites, oneotrivalent ion (Fe
+3

) resides attthe tetrahedralo(A) 

siteowhile theoother remainingotrivalent ionsoresides at (Fe
+3

) and the all divalent 

metallic ions M
+2

 resides at the (B) site. They are the simplest ferrites and the common 

examplesoof inverseospinel ferritesoare MnFe2O4, CoFe2O4n andkNiFe2O4. 

The cationic distribution for inverse spinel ferrite is given by 

 

1.6.3.3 Random spinel ferrite 

In the case of random spinel ferrites M
+2

 and Fe
+3

 are randomly distributed at tetrahedral 

and octahedral sites that the reason they are classified as random spinel ferrites. Examples 

contain copper ferrites etc. The distribution of random spinel ferrites depends upon the 

process of synthesis and sintering process.  

The cationic distribution of random spinel ferrite is given by 

 

1.7 The cation distribution 
 

The cationic distribution in spinel ferrites has great influence on electrical and magnetic 

properties. The distribution of Fe and the M
+2

 among the octahedral and tetrahedral sites 

of the spinel lattice depends on many factors. The cationic distribution can be determined 

by several methods. Some of them are 
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 X-ray diffraction methods [17] 

 Neutron diffraction method  

 Mossbauer spectroscopy [18] 

 Magnetic susceptibility measurement 

 Infrared absorption spectroscopy [19] 

In X-ray diffraction method, X-ray intensity ratio calculations are made for the planes 

(220), (311), (400), (440) etc. Then these theoretical and experimental values of X-ray 

intensity ratio are compared. The combination for which cations theoretical and 

experimental values seems close to each other is taken as correct cationic distribution. 

1.8  Factors effecting cationic distribution 

Some of the factors are listed below which can influence the cationic distribution at 

tetrahedral and octahedral sites.  

 ionic radius 

 electronic configuration 

 method of preparation 

1.8.1 Ionic radius 

In spinel lattice, the octahedral (B) site has large ionic radius then tetrahedral (A) site, 

therefore the large cations like Co
+2

 and Ni
+2

 generally will prefer to occupy the 

octahedral (B) sites while the small cations will occupy the (A) tetrahedral sites.  

1.8.2 The electronic configuration 

It is a common observation that ions with filled d-shell often have tendency to form sp
3
 

hybrid orbital and occupy the tetrahedral (A) sites for example Zn
+2

 and Ge
+4

, whereas 

the ions with d
3 

and s
8 

electronic configuration have a tendency to form d
3
 sp

3
 hybrid 

orbital and occupy the octahedral sites in spinel. For example  Cr
+3

 and Ni
+2

 [20]. 

1.8.3 Method of preparation 

It is observed that method of preparation can also effect the cationic distribution of at 

tetrahedral sites and octahedral sites. The cationic distribution strongly depends on heat 

treatment (sintering) of the material. Materials with same composition prepared by two 

different methods can have different properties.  
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1.9 Applications offferrites 

Theespinel ferritesghave great potential for applications in different fields. Even after a 

lot of research work been done in the field of ferrites the scientist and technologist are 

still interested in ferrite materials. The recent interest of the researchers is focused on the 

ferrites doping. Which can be prepared using various compositions, synthesis routes and 

with different cationic concentrations which highly affects the properties like electrical, 

dielectric and magnetic of the material. Ferrite materials are important magnetic materials 

and have applications in power conditioning, electromagnetic device, electromagnetic 

wave absorbers, magnetic inks for bank cards, and recording media etc. Some of the 

major fields of applications of ferrites are listed below 

 Medical diagnostics and treatments 

 Drug delivery 

 Magnetic shielding 

 Magnetic sensors 

 Electromagnetic interference suppression 

 Pollution control 

 High frequency applications 

1.10 Objectives of this research 

The objectives of this research work are as follows 

 Preparation of MgFe2O4 single phase spinel nanoparticles using sol gel synthesis. 

 Preparation of CO and Ni substituted Mg (1-2x) (Co Ni) x Fe2O4 , x= 0.05, 0.10, 

0.15, 0.20, 0.25 nanoparticles. 

 Material characterization using XRD, FTIR and SEM.  

 Study the effect offdopant concentrationhin structuraljand dielectrickproperties.  
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Chapter 2   

Theoretical review 

 

Synthesis of nanoparticles can be done by using two major approaches. 

1- Top down approach 

2- Bottom up approach 

The top down approach is a processes in which we starts from large structures and 

subsequently using finer methods forms more smaller and finer structures which includes 

lithography, ball milling, laser ablation, electro spinning, arc discharge etc. while the 

bottom approach is one in which atoms, molecules and clusters are combined together to 

form nanoparticles. Examples of bottom up approach are wet chemical synthesis, 

chemical vapor deposition (CVD), hydrothermal synthesis, physical vapor deposition 

(PVD), MBE, self-assembly etc. 

 

 

Figure 2.1: Top down and bottom up approach 

 

Both techniques have some advantages and disadvantages. In top down approach it is 

difficult to attain homogenous nanoparticles and of smaller size and also a significant 

amount of impurity is always present. While in the use of bottom up technique 

implementation cost is likely to be higher. There are different methods for the synthesis 
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of nanoparticles. Each methodohas itsoown advantage andjdisadvantages.0Some of the 

methodskare shown in the following figure. 

 

Figure 2.2: Scheme of fabrication of Nanomaterials techniques. 

Ferrites nanoparticles synthesis can be carried out using different routes for example 

hydrothermal[21], solvothermal[22], co precipitation[23], sol gel, micro emulsion and 

other methods. Properties of synthesized ferrite greatly depends on synthesis route and 

change with synthesis conditions. A lot of work in the regard of synthesis of ferrites has 

already been done and still carried out for different applications.  

2.1 Chemistry of Sol-gel synthesis 

2.1.1 Introduction 

The sol gel synthesis is kind of inorganic polymerization. It was firstly described by 

Ebelmann in 1864 [24]. As in practice, sol-gel synthesis looks a very simple process that 

it requires just one step to get a required product but at microscopic as well as nanoscopic 

scale it is such a complex technique that it goes through several transformations of 

different nature before we get desired results. 

A sol consist of colloidal suspension, in which solid particles (solute) are dispersed in 

some liquid medium (solvent).The common precursors mostly used for sol–gel synthesis 

are 

 Inorganic salts (chlorides, nitrates) 

 organic compounds  

The sol–gel process2involves hydrolysis7and condensation0of metal precursors which 

leads to the formation0of a three0dimensional inorganic0network. In ferrites, Colloidal 
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solution is composed of chemicals like metals or metalloids0surrounded by0ligands for 

example nitrates of metals. The nitrates salts are easily soluble by in water. This process 

is called hydrolysis. In this process hydroxyl ion attached to the metal ion (M) as shown 

in the below reaction. 

 

 (  )              (  )        

 

On the completion of hydrolysis all OR groups replaced by OH 

 

 (  )            (  )         

 

Here could be another scenario, when hydrolysis1stop2while the3metal is4partially 

hydrolyzed9M (OR)4-X (OH)X . These two molecules 0can take part in condensation by 

linking together. This process liberate water molecule as shown in below reaction. 

 

(  )           (  )  (  )      (  )      

 

This type of continuous reaction builds large metal containing molecule which is called 

gel. It contains a continuous solid structure which is amorphous in nature but can be 

crystallized on heating treatment. For the preparation of ferrites sintering of the prepared 

samples need to be done at elevated temperatures. 

A flow1chart2of sol-gel3auto combustion5method is shownginjfigure 3.3. 
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Figureo2.3: Flowochartoof sol-gel combustion method. 

2.1.2 Effect of different factors on Sol-gel synthesis 

Many factors can affect the structure, morphology, particle size etc. during the synthesis. 

Some of them are listed below 

 Effect of chelating agent 

 Effect of pH 

2.1.2.1 Effect of chelating agent: 

For the synthesis of powder ferrite nanoparticles precursors (metal nitrates) and chelating 

agent (urea/ citric acid [25] /glycine/hexamethylenetetramine etc.) is used. Mostly the 

ration of metal nitrates and citric acid is kept at 1:3. The ratio and type of chelating agent 

greatly influence the structural and  magnetic properties, cationic distribution and particle 

size [26]. The combustion process in each chelating agent occurs differently. In case of 
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hexamethylenetetramine and glycine the process of auto combustion took only few 

seconds. In case of citric acid and tartaric acid the whole combustion processes took more 

than 30 minutes. While in case of urea it took 2-3 minutes to complete auto combustion 

process [27]. 

2.1.2.2 Effect of pH 

In sol-gel synthesis the pH value of the solution is controlled by ammonia. It catalyze the 

process for hydrolysis and then condensation.ph values greatly influence the combustion 

rate [28]. pH values between (7-8) induce a fast gelation, which is ideal for making small 

size nanoparticles. While pH values between (2-3) induce low gelation and ideal for 

making extended network. 

2.2 Literature study  
 

Ferrites are good dielectric materials that‟s why they have long rangefof applicationshfor 

examplejin microwavekdevices, targeted drug delivery [29], data storage sensors [30], 

catalysis [31], core materials and electromagnetic absorbers [32] etc.  

 

Gul et al. prepared Co1-x NixFe2O4 nanoparticles, by co precipitation, while x varying 

from 0.0 to 0.5. The particle size determined was in between 14nm to 21nm. It1was 

observed that2the increase3in the nickel concentration decreased the value offsaturation 

magnetizationfandkcoercivity. As the magnetic moment8of nickel ions are low (2μB) 

than that of cobalt ions (3μB) so this trend of decreasing magnetization was attributed to 

the increase in nickel ions at octahedral sites [33]. 

 

Pardeep et al. synthesized MgFe2O4 nanoparticles using sol-gel (wet chemical) route. 

They have done XRD, SEM and FTIR analysis which confirms single phase and 

crystalline prepared samples. They also studied the distribution of cations theoretically 

and concluded that this distribution can cause change in structure and other properties. 

They also reported the decrease in the value of magnetic moment and saturation 

magnetization with respect to the bulk ferrite [34]. 

 



19 

 

Smitha et al. prepared magnesium ferrite nanoparticles using the sol gel method. The 

XRD data and FTIR results confirms singleophase of spinellstructure formation with noo 

impurityypresent. The temperature variation of dc conductivity was also studied and 

reported the Decrease in conductivity occur till temperature 323K because of the water 

absorbed in the sample. According to the magnetic studies  reveals that the sample shows  

ferromagnetic behavior  at low temperature [35]. 

 

Bortnic et al.ksynthesized CoFe2O4jnanoparticleslby cheap and nontoxic asol-gel route. 

Pectinpused as gelation agent and sucrose as poly- condensation agent. XRD analysis and 

FTIR data was collected which confirmedjthe singlelphase spinellstructurelformation. 

Grainjsize was 20-75nm which was calculatedhusing TEM [36]. 

 

Thankachan et al. synthesized Magnesium ferrite nanoparticles by using both co-

precipitation and sol-gel route. XRD analysis showed average crystallite size of 9nm by 

sol-gel synthesis and comparatively larger 12nm crystallite size for co precipitation 

method. And both synthesis techniqueskconfirmed theksingle phaselspinellstructure 

through XRDoand FTIR. Thekmagnetic1measurement2shows0both0samples to be 

ferrimagnetic0with a0hysteresis. The saturation0magnetization value0for the co-

precipitation0sample is very low owhen compared 0with the sol-gel osample. The low 

value oforemanent ratio shows0isotropy of the0co-precipitation routeoprepared sample. 

The measurement of dielectricjconstant and dielectriclloss valuekwith variationoof 

frequencykwas in accordancejwith Maxwell–Wagner theory. It is reportedhthat the 

dielectricland ac conductivityyvalues are temperatureodependent [37]. 

 

Moradmard et al. synthesized Ni 1-xMgxFe2O4 by using co precipitation route. The X-

ray diffractionoanalysis confirmedothe formationoof singlekphase structurekand itois 

observedkthat by adding magnesium overall crystallite size increases. Magnetic 

properties and dielectric properties were also studied Magnetic measurement shows 

increase in magnesium reduce magnetization and increase coercivity value. Increase in 

coercivity is related to the replacement of Fe
+3

 by Mg
+2

 ions at octahedral sites. The 

dielectric properties like dielectric constant were investigated. Decrease in the dielectric 
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values has been reported.  Koop‟s theory explains the decrease in dielectric loss value 

with increase in frequency [38]. 

 

Mahalakshmi et al. prepared nickel ferrite nanoparticles (Nix Fe3-x O4). They reported 

the decrease in dielectric values and increase in dielectric loss values. The report also 

showsgthe dependencehof achconductivity onjnickel concentration as it is was only 

dependent on the conduction of electrons between Fe
+2

/Fe
+3

 ions but also on Ni
+2

/Ni
+3

 

ions. Conductivity values increased with the increase in frequency [39]. 

 

Hashim et al. studied the effect of cr+3 doping in Ni-Mg ferrite nano particles. Prepared 

materials were analyzed using XRD,  FTIR and Scanning electron microscopy. They 

have confirmed the mixed spinel nature of the material. They have reported that increase 

in Cr
+3

 content cause decreasejin latticejconstant values. whichfwas expecteddbecause  

the  radiioof Cr
+3k

 is less than Fe
+3

. The magnetic analysis shows a decrease in saturation 

magnetization. Which explains the low exchange at A and B site [40]. 

     

Velhal et al. synthesized Co1-x Nix Fe2O4 successfully by using simple sol-gel route. The 

crystalline structure was confirmed using xrd analysis while little impurity was also 

observed of phase Fe2O3. They have reported that the increase in nickel content not only 

improves crystallite size but also improves the value of magnetization. The general trend 

of dielectric constant and dielectric loss was seen which was decreasing with frequency. 

Increase in magnetization and decrease in coercivity was observed  and their behaviuor 

was temperature dependent.[41]. 

 

Rani et.al studied the dielectric and structural properties of zinc doped cobalt ferrite 

nanoparticles. The samples were prepared by using simple solution combustion method. 

[42]. Structuralhanalysis offsamples was doneoby usingoXRD, which confirmsgthe cubic 

spinellnature and nm crystallite size of prepared samples. Particle size was calculated 

using TEM analysis. In dielectric studies a decrease in dielectric constant values was 

reported after 0.2 Zn values which is due to the increase of Zn
+2 

at octahedral B sites. 

Same trend was also been observed for tangent loss values. 
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R. B. Bhise et al. studied electric,ostructural, magneticoand dielectricoproperties by 

using cobalt doped zinc ferrite by simpleosol gel method. Those samples wereosintered at 

two different temperatures and characterized by XRD, FTIR and SEM. The XRD 

analysis confirm the phase  structure and calculatedoparticle size usingoSEM. Increase in 

saturation magnetization was reported by the increase in cobalt content as well as by 

increasing the sintering temperature. Decrease in impedance was reported due to 

lowering of magnetostriction constant [43]. 

 

K. Vijaya Kumar et.al synthesized copper sunsituted nickel ferrites nanoparticles with 

series of different compositions of copper. Citric acid wasoused as a fuel forocombustion 

in sol gel synthesis. Crystallite size was measured using XRD data which was in range of 

40-60nm. This analysis also confirms the cubic spinel nature of material. electrical 

resistivity of the prepared sample was repotedly increased by increasing the copper 

content.  [44]. 

H.S. Singh et al. worked on ferrite nanoparticles due to their remarkable dielectric and 

electric properties. They worked on nickeloferrite and substitutedonickel ferrite. The 

magnetic, electric and physical properties of nickel showed a remarkable improve when it 

is substituted with Aluminum. So it can be concluded that the properties can be enhanced 

by making composite of nickel with other material. The study is needed to know the 

exact amount of substitution and method of preparation. The effect of preparation 

technique should also be known.[45] 

Y.C yang et al. studied nickel ferrite and its electrical, magnetic and structural 

properties. Also composite of nickel ferrite with transition metals and rare earth metal 

was studies. The particles were prepared by different routes including sol-gel method and 

co precipitation method and a comparison id made between them. The particles prepared 

by sol-gel method were big in size, highly resistive, ferromagnetic and multi domain. The 

prepared particles can be used in applications involving high frequency. The particles 

prepared by co precipitation method were smaller in size, paramagnetic and had single 

domain. The prepared particles are applicable in magnetic resonance imaging, drug 

delivery, medical applications etc. when nickel ferrite is doped with rare earth element 
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the reduction in magnetization is observed. The increase in coercively is observed by 

adding transition metal. The decrease in dielectric loss is observed when doped with rare 

earth metal ions. Particle size increase in case of doping with transition elements. The 

lattice constant is also observed to increase with doping. The unit cell is also observed to 

expand. Further studies suggested that dielectric and electrical properties, for example 

dielectric loss of doped nickel ferrite is observed to decrease and resistivity is observed to 

increase by doping with transition metals [46]. 

2.3 Synthesis of Mg 1-X (Co Ni) X Fe204 

 For the preparation of compositionoMg 1-X (Co Ni)ox Fe204,where x=( 0.0, 0.05, 0.10, 

0.15, 0.20, 0.25) sol gel synthesis technique has been used. 

2.3.1 Apparatus used 

 Beaker 

 Magnetic stirrer 

 Heating plate 

 Permanent magnet 

 Spatula 

 Mortar and pestle 

 China dishes   

2.3.2 Materials used 

 Irononitrate [Fe(NO3)2.9H2O] 

 Magnesiumonitrate [Mg(NO3)2] 

 Cobaltonitrate [Co(NO3)2.6H2O] 

 Nickelonitrate [Ni(NO3)2.6H2O] 

 Citricoacid [C6H8O7] 

 Ammonia [NH4OH] 

 Deionizedowater 

All the above mentioned materials were analytical grade and was provided by ACROS 

organics, Sigma Aldrich and EMSURE®. 
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2.3.3 Procedure 

 For sol gel synthesis metal nitrates and citric acid ratio was kept as 1:3 and following 

stoichiometric ratio formula was used to calculate the composition of different chemicals 

utilized in the process. 

     ( )  
                              

    
 

 

Figure 2.4: Flow chart diagram for the synthesis of ferrites samples preparation. 
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Each starting material magnesium nitrate, irononitrate and citric acid (3M) were 

dissolved in stoichiometric amount in 100ml of deionized water. Each solution was 

magnetically stirred for at least 15 minutes until they form a clear solution. Then after 

combining all the solutions together ammoniaowas addedodrop wise until the mixture pH 

changed to (7-7.5) and also changed its color to dark green. Then the 

mixedosolutionowas kept onto hot plate with continuousostirringoat 100°C. Due to 

continuous evaporationotheosolution become viscous and formed a dark brown color 

viscous gel. After the removaloof all wateromolecules the gel ignited andoburnt and 

burning continued until the whole citric acid is consumed. After the completion of 

combustion greenish brown color ashes are formed. Ashes are then collected using 

spatula and grinded using mortar and pastel and  then sintered at 800°C in muffle 

furnace.  

For the synthesis of nickel and cobalt doped samples, nickel nitrate and cobalt nitrate was 

also added in the mixture in a measured stoichiometric ration along with magnesium 

nitrate, iron nitrate and citric acid. After that the same procedure was followed to form 

ferrites samples.  
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Chapter 3  

Introduction to sample characterization 

techniques 

The properties of synthesized Mg(1-2x) (Co Ni)x Fe2O4 are analyzed by performing some 

specific analysis techniques. Properties like physicaloand chemicaloproperties andoother 

information aboutomaterial such asmmorphology, lattice parameter,lstructure etc.  can be 

obtained using one of the analysis techniques. This chapter will cover a short introduction 

of the characterization techniques. Following characterization techniques can be usedffor 

thejanalysis offsynthesized composite. 

3.1 X-Ray diffraction technique 

It is a useful tool for the identification of degree of crystallinaity and structure of a 

material. Clear information about structural strain, crystal defects, average crystallite size, 

crystallographic orientation and degree of crystallinaity can be obtained by using XRD. 

Three different methods can be used for finding out crystal structure i.e. powder 

diffraction method, Laue method and rotatingfcrystal method. Two techniques canfbe 

usedfto determine crystalfsize if powder diffraction method is used. Those techniques are 

as follows. 

 Debye Sherrer Method 

 Diffractometer method 

The sample was in the form of fine grinded powder. Copper, Molybdenum etc. can be 

used as a target material. Cu (k-Alpha) 1.54060Å source was the XRD source used for 

analysis in this case. 

3.1.1 Basic principle of XRD 

The powdered sample is placed for analysis. X-rayfbeam isfmade tokfallfon the samplef 

and reflected from plane of crystal. The crystal plane reflects the X-rays that are incident 
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on material. The interference only takes place when incidence angle is exactly same as 

reflection angle. The Bragg‟s Law is given by 

           

where n=1,2,3….. Representing order of interference, θ is incidence angle, d is Interlayer 

distance and λ is incident X-ray wavelength. The Bragg‟s law states that the incident ray 

is reflected only whenfthe pathfdifference betweenfset of planes isfintegral multiplefof 

2dsinθ [47]. Theoset offplanes are at an equal distance of d.  

          

 

Fig 3.1 Incident x-ray beam scattered by atomic plane in a crystal [48] 

The equation is known as Bragg‟s equation. The condition for reflection in above 

mentioned equation is that it only occur when θ<2d. For this reason visible light cannot 

be used. For the characterization of a threeydimensional structureythree techniquesyare 

usually usedywhich areyas follows: 

 LaueoMethod 

 Powderomethod 

 RotatingoCrystaloMethod 
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Theosample which is to be characterized using XRD is in the form of Nano powder. So 

the powder method will be the one useful for the desired sample. For the evaluation of 

powdered sample and in the case of in availability of single crystal of acceptable size, 

powder diffraction is the best method to be employed. The procedure of this experiment 

includes the crushing of sample in to fine powder. Afterwards the sample will be placed 

in aluminum or glass rectangular shaped plate. Aomonochromatic X-raypbeam isothen 

directedjtowards theopowderedosample. 

 

Fig 3.2 Diffracted cones of radiations forming in powder method [48] 

Consider the reflection as shown in figure. The fraction of sample, which is in powder 

form, is at such an orientation which will enable reflection by being present at correct 

Bragg angles. When the planeois rotatedoabout the beamowhich is made incident, the 

path of motion of reflectedobeam willobe across theosurfaceoof cone.oIn the case of our 

particles the reflection does not occur across the surface, a large number of crystal 

particles will have same reflections and some of those reflections will be able to satisfy 

brags law. The inter planner spacing, d, can be calculated by knowing values of λ and θ. 

3.1.2 Lattice constant 

Lattice constant defines the unit celloofoa crystal. It is theolengthoof one edge of the cell 

or an angle forming betweenoedges. It can also be termed as lattice constant orolattice 

parameter. The distance, which is constant, between the lattice points is known as lattice 

constant. Following equation is used to calculate lattice constant. 

  
  (        )    
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In the above equation, lattice constant is “a”, the wavelength of X-rayoradiationois 

1.54060Å for Cukα, miller indices are “h, k, l” and diffraction angle is θ. 

3.1.3 Crystallite size 

For the identification and confirmation of the experimentally obtained diffraction pattern 

it is compared to JCPDS cards. The structural properties are greatly influenced by particle 

size. According to Debay Sherrer equation, which is used to calculate particle size, 

crystal size is inversely proportional to peak width. So the small crystallite size is related 

to peak broadening in XRD analysis. The Debay sherrer equation is used to calculate 

particle size. 

  
     

      
  

λ represents the incident X-ray wavelength and θ and β represent diffractionoangle 

and full widthohalf maximumorespectively. 

3.1.4 X-Ray density 

The X-rayddiffraction datadcan beduseddfor the calculationoof sampleomaterial‟s 

density [49]. If the lattice constant is known for each sample following formula will be 

used. 

     
  

   
    

Where ε represents molecular weight of sample, Nois the Avogadro‟sonumber 

(6.03x10
23

) and "a" is the latticeuconstant. Eight formula units are possessed by each cell. 

3.1.5 Bulk density 

The intrinsic properties of materials define the bulk density or measured density. The 

density formula is generally used for the density calculation. 
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Wheremm represents themmass, r represents the radius; h is theothickness of theopressed 

pelletosample. For the calculation of measuredmdensity, a circular pallet of mass “m” is 

made using hydraulic press. Vernier caliper is used for measuring thickness and radius of 

pallet and analytical balance is used for measuring mass of the pallet. The measured 

parameters are substituted in equation for the resultant density calculation. 

3.1.6 Porosity fraction 

Along with the alternation in compositions, the increase in the porosity fraction is 

observed. Following formula is used for calculation of porosity fraction. 

                        
  

  
 

3.2 Scanningoelectronomicroscopy 

Scanningoelectronomicroscopy is an imaging technique which makes use of high energy 

electron beams for imaging Nano and bulk surfaces. When the highly energetic beam 

strikes the sample surface it provides following information. 

 Composition of the sample. 

 Phase mapping 

 Topography of the sample. 

When the beam hits the surface of material there will be various kind of interactions and 

signals are emitted as a result of these interactions such as transmittedoelectrons, back 

scatteredoelectrons, secondary electrons, cathodoluminiscence andocharacteristicoX-rays 

[45]. 

3.2.1 Basic principle of SEM 

When aospecimenois irradiated withohigh energyoelectron beam, interactionsobetween 

the incidentoelectrons and the constituentoatoms in the specimen produceovarious 

signals, as shown in thekfollowingkfigure.[50]   

Scanning#_ENREF_50
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Figure 3.2- Emission of various electrons and EM waves from the specimen.[50] 

Electron-matterointeractions canobe dividedointo twooclasses: 

1. Elastic scattering – theoelectronotrajectoryowithin the specimenochanges, but its 

kineticoenergy and velocityoremains essentiallyoconstant. The resultois 

generation ofobackscatteredoelectrons (BSE). 

2. Inelastic scattering– the incidentoelectron trajectoryois onlyoslightly0changed, 

butothe change inoenergy results is theogeneration of differentoradiations i.e 

 Phonon0excitation (heating) 

 Cathodoluminescence0(visible light fluorescence) 

 Characteristic x-ray0radiation 

 Secondary0electrons  

 Auger electrons0(ejection of outer0shell0electrons) 

3.2.2 Preparation of SEM samples 

SEM is used for the study of surface morphology and for getting 3D images of surface. A 

very small amount of powdered material was dispersed in water using ultrasonicator for 

about one hour and then drop of the mixture dripped onto a clean substrate. On substrate 

surface powder particles are dried and dispersed for further processed of analysis by 

SEM. 

Scanning#_ENREF_50
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3.3 Fourierotransformoinfraredospectroscopy 

The0absorption, emission spectra‟s, Raman scattering and photoconductivity of the 

material can be obtained by using this analytical technique. The stretching modes of the 

elements present in composite and chemical purity of the sample can be determined using 

FTIR. It is known as FTIR because it involves the Fourier, a mathematical term. It 

collects the data from spectrum of matter. FTIR is used to determine the amount of light 

that a sample absorbs at a specific wavelength.  

3.3.1 Working0principle of0FTIR 

In0FTIR, an infrared0light0beam from a source which is polychromatic0is made to fall 

on splitters. Half0portion of the0incident light is0refracted towards fixed mirror and other 

half of the incident light is transmitted0through a moving0mirror. Transmitted0light pass 

through0the0sample. The information about molecular component and structure of the 

sample can be obtained by interaction of light with sample. [51] 

 

Figure 3.3: Schematic diagram of working principal of FTIR[52] 

3.3.2 Applications of FTIR 

A gas chromatograph is used to0separate the0components0of a mixture 

 The analysis of liquid chromatography fraction can be done using FTIR. 
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 Tiny samples can be checked with the help of infrared microscope in sample 

chamber. 

 The sample0acquiring emitted0spectrum of light is0obtained FTIR instead0of 

light spectrum through the sample. 

3.3.3 Preparation of FTIR samples  

KBr pellet method was for sample preparation because alkali salts gives no absorption in 

IR spectrum. “Potassium salt (KBr) was placed in oven at 100 
o
C for one hour for 

removal of moisture. Small amount of sample and KBr was taken and ground to fine 

powder and pellet was prepared using pellet die set and Hydraulic press. Mixture of 

ground KBr and sample was added into the die and it was then placed into the press and 

withoa pumpingomovement, movedothe hydraulicopump handleodownward until it 

shows 3 tons on the scale. Waited for 45 seconds, pressure was released and die was 

taken out. Finally, a thin sample pellet having thickness in the range of 2-3 mm and 

diameter of ~13 mm was obtained. 

3.4 Electricaloproperties 

3.4.1 Dielectricoproperties 

TheoLCR meter bridge is used for determination of dielectricoproperties suchoas 

dielectricoloss, dielectricoconstant etc. Firstly the capacitance of pallets were find out 

using LCR meter then following formula is used for the calculations of dielectric 

constant.  

      
  

    
  

Where0C represents the0capacitance0of the0pellet (farad), t represents the thickness0of 

the0pellet (Meters), A represents the0cross-sectional0area of the0flat surface0of the 

pellet and ε0 is the constant0of permittivity0for free0space and its value is equal to 

8.85x10-12 F/m. The imaginary part that corresponds to the energy dissipation losses is 

calculated by using the following equation: 
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There will be some power losses in dielectric materials. These losses are due to 

the work done in order to overcomeofrictional andodampingoforces faced byodipoles 

duringotheir rotatory motion. Theodielectric lossotangent canobe found out by using 

following equation. 

         
    

  
  

Following equation is used for calculation of AC conductivity: 

             

3.4.2 AC impedance spectroscopy 

The AC impedance parameters of the samples0were measured0at room0temperature. 

Resistance (R) and reactance (X) were measured over the frequency range of range of 

100 Hz0to 5 MHz. The impedance is a complex quantity where resistance (R) and 

reactance (X) shows the real0and0imaginary parts of impedance in the circuit by the 

relation: 

         

The impedance -Cole plot showsothe resistive behaviorkof thekmaterial. The SI unitoof 

impedance is „Ω‟ where resistance (R) and reactance (X) shows the real and imaginary 

parts of impedance in the circuit by the relation: 

       | |      

      | |      

The impedance showslthe resistive behavioroof theomaterial.oThe SI unitoof impedance 

is „Ω‟. The Cole-Cole plot based on real and imaginary parts of impedance shows 

contribution of resistance in the material. 
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3.4.3 Preparation of samples for measurement of electrical properties 

 

For measurement of electrical properties of samples, pellet of each sample was prepared 

pellet was prepared using pellet die set and Hydraulic press. Each sample was finely 

grinded before sample preparation. Pellets were prepared using 1 gram of each. Pellets 

prepared were measured using vernier caliper and found almost same thickness and 

diameter (2 mm thickness and about 10 mm diameter) for all pellets. By the use of 

hydraulic press for applying a load of 4 tons for 2 minutesoon eachlpellet.aThe prepared 

pelletsgwere keptkat 500
o
C to be sintered for 2 hrs and used for measuring electrical 

properties” (Dielectric constant & Dielectric loss). 
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Chapter 4  

ResultsoandoDiscussions 
 

4.1 X-ray diffraction (XRD) results 

The room temperature Powder X-Ray Diffraction analysis of the Mg(1-2x) (Co Ni)x Fe2O4 

are shown in figure 4.1below, where x= 0.0, 0.05, 0.1, 0.15, 0.20, 0.25. The figure shows 

well defined sharp diffraction peaks of singleophase spinelostructure. Theopeaks shown 

inothe pattern matched wellowith theo(JCPDS NO. 01-88-1940).  

 

      Figure 4.1:  XRD patterns of Mg Ferrites with increasing (Ni and Co) 

concentration. 

 

All samples were calcinated at 800
o
C for 5 hours before doing the X-Ray Diffraction 

analysis of the ferrite powder and the results of the diffraction patterns of planes (220), 
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(311), (400), (422), (511), (440), (533) showed the pure crystalline closed packed face 

centered cubic arrangement with fd-3m space group [53]. This pattern has no extra peaks 

such as α-Fe2O3.The estimation of crystallite size was done by using the broadening of 

(311) peak and  Debye- Scherrer‟s equation [54] described as 

 

      
     

           
 

 

where λkis a wavelengthoof used x rayi(1.54060Å  forrCukα), βois FWHM of line 

broadening, and θ represents the angle of diffraction from respective (hkl). Estimation of 

latticeoparameters hasobeen doneousing theofollowing formulao 

 

  √  (        ). 

 

The average crystallite sizeowas calculated toobe inothe rangeoof (⁓ 50nmoto ⁓66nm). 

While theolattice parameterpand crystallite shown a nonlinear behavior with the 

substitution of cobalt and nickel ion shown in figure 4.2. Co
+2

 (0.74Å), which has a ionic 

radii greater than Mg
+2

 (0.72Å) and Ni
+2

 (0.69 Å) which has a smaller ionic radii than 

Mg
+2

 (0.72Å)[55]. From the literature review it has been seen whenever substitution of 

element with greater ionic radii has been done an increase in lattice constant and 

crystallite size is observed and vice versa [55, 56]. So it can be assumed that replacement 

of Mg
+2

 at the octahedral site by Ni
+2 

causes the reduction of the unit cell [57], resulting 

in larger lattice constants while replacement of Fe
+3

 (0.645Å) ions from octahedral site by 

Co
+2

 ions causing the expansion of unit cell, that‟s why is a nonlinear variation in lattice 

parameter has been shown in the figure 4.2. Vagerd‟s law is also used to explain the 

relation of (Co
+2

, Ni
+2

) substitution and lattice constant[58].  
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Figure 4.2: Crystallite Size and lattice constant as a function of increasing (Co, Ni) 

concentration. 

 

Figureo4.3oshows theotrend of bulkodensity and Xoray density with increase in the 

concentration of cobalt and nickel. X ray density is calculated using formula  

    
  

   
 

Where M represents the molecular weight, N represents the Avogadro‟s number and a 

(Å) represents the values of lattice parameter. 

From figure 4.3 it is observed that x ray density exhibit the increasing trend with 

increasing Co
+2

 and  Ni
+2

 concentration .As the atomic weight of  Ni (58.69amu) and Co 

(58.93amu) is greater than the Mg ( 25.31 amu) that‟s why substitution of Co and Ni 

leads to increase in the x ray density. we can also assume that as the density of Mg (1.74 

g/cm
3
) is smaller than that of Ni (8.91g/cm

3
) and Co (8.90 g/cm

3
) as well as the 

concentration of atoms in unit volume is Mg is lesser than that of Co and Ni that‟s why 

we exhibit increasing trend in x ray density. The bulk density is lower than 

xorayodensity. Thisiis because of theoexistence offpores which are developed duringo 

sampleopreparation or sinteringoprocess. 
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Figure 4.3: Bulk Density and x ray density as a function of increasing (Co, Ni) 

concentration 

Specific surface area of the sample can be calculated using the average crystallite size 

and bulk density from following relation[59]  

   
    

   
 

Here S is surface area which varies from 51.57 m
2
/g to 44.6 m

2
/g. while Dorepresents 

averageocrystallite sizeoand dB representsobulk density. Theopercentage of porosity is 

also calculated using formula 

  (  
  

  
)    100 

Here dx represents the x ray density which decreased from 55 to 49 with increasing Co 

and Ni concentration. 
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Figure 4.4: % porosity as aofunction offincreasing (Co, Ni)lconcentration 

 

Table 4.1: Shows the variation of Crystallite size, Lattice constant, X-rayodensity, 

Bulkodensity and Porosityowith theoincrease ino(Co, Ni)oconcentration. 

 

Cooand 

Ni 

content 

Crystallite 

size (nm) 

Lattice 

constant(Å) 

X-ray 

density(g/cm3) 

Bulk 

density(g/cm3) 

Porosity 

fraction 

0.0 66 8.418 4.45 2.00 55 

0.05 54 8.414 4.09 2.02 51 

0.10 50 8.417 4.21 2.07 50 

0.15 66 8.415 4.34 2.22 49 

0.20 62 8.394 4.50 2.29 49 

0.25 59 8.386 4.64 2.31 50 
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4.2  Scanningoelectronomicroscopyo(SEM) analysis 

Scanningoelectronowas used to find out theosize and morphologyoof preparedosamples. 

The results areoshown inofigure 4.5. Theoresults include SEMoimages offpure 

magnesium ferrite nanoparticles and cobalt and nickel substituted magnesium ferrites 

nanoparticles for their different concentrations. For SEM analysis samples were prepared 

by making their suspension in deionized water using sonication for more than 3 hours. It 

was revealed that all compositions showed uniform distribution of spherical shape 

nanoparticles. Particles were separated and distinguish from each other. Little 

agglomeration was also observed in some compositions. The reason for the 

agglomeration could be the poor sonication. 

 

Figure 4.5: SEM image of MgFe2O4 nanoparticles 

 

Figure 4.6: SEM image of MgFe2O4 nanoparticles with Nickel and Cobalt content 

(x=0.1)  
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Figure 4.7: SEM image of MgFe2O4 nanoparticles with Nickel and Cobalt content 

(x=0.2)  

 

Figure 4.8: SEM image of MgFe2O4 nanoparticles with Nickel and Cobalt content 

(x=0.25)  

4.3 FT-IR Spectroscopy  

The FTIR spectroscopic analysis of Mg(1-2x) (Co Ni)x Fe2O4 are shown in figure 4.9 

below, where (x= 0.0, 0.05, 0.1, 0.15, 0.20, 0.2). It was done using kBr pallet in normal 

room conditions at frequency rangeoof 350 cm
-1

oto 4000 cm
-1

o. Theoappearance ofothe 

two distinct bandlν1 and ν2 reveals the formation of single phase spinal ferrites. The 

bands appearing at the higher wavenumbers (ν1= 563.04 cm
-1

, 574.52 cm
-1

) are assigned 

to tetrahedral (A–site) complexes of Metal and Oxygen, while the frequency bands 

appearing at lower wavenumbers ( ν2 = 418.10 cm
-1

 , 425.56cm
-1

) are assigned to 

octahedral complexes (B-site) of Metal and Oxygen[60].  The variation in ν1 and ν2 also 
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attributed to the changes in bond length of Metal and Oxygen .The tetrahedral vibrational 

mode is usually higher in frequency than that of octahedral mode due to its longer bond 

length of each cluster. The ν1 and ν2 absorption bands are also assigned as  metal-oxygen 

stretching vibration mode at A and B sites. In figure change in the (ν1, ν2) can be 

attributed to the tendency of (Co, Ni) ions to occupy both A and B sites as well as 

decrease in a bond length. 

 

Figure 4.9:0FTIR spectraoof Mg Ferrites with increasing (Ni and Co) 

concentration. 
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Figure 4.10: Variation atoA andoB site withochanging (Co, Ni)oconcentration. 

 

Figure 4.11: Variation of Force constant atoA and Bosite witho(Co, Ni)0 

concentration 
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4.4 Dielectric constant 

Permittivity is an ability of a material to polarize in an electric field. The Dielectric 

parameters were calculated using LCR meter in a frequency range from 100 HZ-10
3
HZ. 

The pelletized samples of average diameter 13mm and average thickness of 2mm were 

prepared. Dielectric permittivity can be described as  

εr = εʹ
  
+ iεʺ 

Where εr represents dielectric permittivity of a medium, εʹ and εʺ are the real and 

imaginary parts of it. The storage of electromagnetic energy (EM) is represented by the 

real part known as dielectric constant, whereas the thermal conversion is attributed to the 

imaginary part known as dielectric loss. The main reason for the dielectric loss is the lag 

of response of dielectric material to the applied electric field. Dielectrickconstant cankbe 

calculatedjusing formulal  

oε' = Ct/ε0A 

Where C is the capacitance which is calculated using LCR meter, t is the thickness and A 

is the area of pallet used. The dielectric properties of Mg (1-2x) (Co Ni) x Fe2O4 are, where 

(x= 0.0, 0.05, 0.1, 0.15, 0.20, 0.2) are calculated and the effect of increasing frequency 

has been studied. 
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Figureo4.12: Variationoof dielectricoconstantowithofrequency 

 

Inofigure 4.12 as frequency increase a decreasing trend in dielectric constant values can 

be seen which becomes constant at higher values of frequency. It is a normal dielectric 

dispersion which can be narrated by the Maxell- Wagner type interfacial polarization 

[61], In any material interfacial, ionic , electronic and dipolar polarizations contributes to 

the dielectric constant. Dipolar and interfacial polarizations are significant at low 

frequencies while at high frequencies electronic polarization paly more vital role towards 

dielectric constant[62].The high values of the dielectric constant can also be correlated 

with the space charge polarization mechanism. In this mechanism the conductivity of 

grain boundaries have high resistance which differs from that of grains having low 

resistance, hence the charge carriers face different resistances causing an2accumulation 

of charges2at separating boundaries2which in turn produces an increase in the2dielectric 

constant. At lower frequencies charge carrier provides fast response to the variation in 

electric field while at higher frequencies response of charge carriers is very slow , that 

responses then contribute to polarization and then to dielectric constant. 
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In our samples increase in the cobalt and nickel doping also increase the dielectric 

constant value. Pure magnesium ferrite sample has dielectric constant of 43 as reported 

earlier [63] while with every rise of doping the increase in the dielectric value is very 

significant, for (Co, Ni) value 0.25 it risen up to 2846. As Co+2 ions can occupy both 

tetrahedral and octahedral sites which emerges competition between Fe
+3

 and Mg
+2

 ions 

for occupying tetrahedral and octahedral position[64]. While Ni
+2

 prefer to occupy 

octahedral sites which also effect the distribution of Fe
+2

/Fe
+3

 at octahedral site and 

ultimately increase in the hopping of electrons[38].So we can say due to the occupation 

of  cobalt and nickel ions at both octahedral and tetrahedral sites the migration of electron 

betweenoFe
+2

 andoFe
+3

 increases which inoresults  increases theodielectricoconstant. 

 

Figure 4.13: Dielectric constant at 100HZ for increasing  (Co, Ni) concentration. 

4.5 Dielectric loss 

Dielectric loss is an imaginary part of a permittivity which deals with the energy loss.it 

can be represented as ɛʺ= ɛʹ tanδ. There are many factors which affect the dielectric loss 

factor, which includes crystal lattice, impurities and defects etc. In figure 4.14 variation 

of dielectric loss with frequency can be seen. It is clearly shown that with increasing 
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frequency the value of dielectric constant decreases exponentially for all samples and 

then become constant at higherofrequencies. 

 

Figureo4.14: Varianceoof dielectricoloss withofrequency 

 

At lower frequency the value of dielectric loss is higher which is 20 for magnesium 

ferrite sample and then increased to 11410 for sample doped with cobalt and nickel  

(0.25) concentration. Accordingoto Koop‟sotheory atolow frequency grain boundaries 

provides high resistance so dielectric losses areomore but atohigh frequenciesograin 

boundariesoresistance decreased and beyond certain value of frequency exchange of  

hopping electrons can‟t follow the alternating field which results in a constant dielectric 

loss value[65]. As by increasing the concentration of nickel and cobalt ions the grain 

boundry resistance also increased due to greater grain size. 
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Figure 4.15: Dielectric loss at 100HZ for increasing (Ni ,Co) concentrations 

4.6 Dielectric tangent loss 
 

Dielectric tangent loss is a ration of dielectric constant and dielectric loss. It can also 

calculated using following formula[40] 

     
 

    
 

where ꞷ=2πf, f is a frequency of applied field,    is a permittivity of free space and   is a 

resistivity. The tangent loss value also decreased with increasing frequency range as 

shown in figure 4.16 dielectric tangent loss is caused by the lag in polarization with 

increase of applied electric field. 
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Figure4.16: Variationoof tangentoloss withofrequency 

In figureo4.16 compositional effects can be seen on dielectric loss values. By increasing 

the concentration of nickel and cobalt dielectric tangent loss values has been increased. 

The reason could be increase in grain size, impurities or imperfections in the crystal 

lattice. 
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Figure 4.17: Dielectric tangent loss at 100 HZ with increasing (Co, Ni) concentration 

 

4.7 Ac Conductivity 

Conductivity is the physical property2of a material which2characterizes the 

conducting9power inside the material. in spinel ferrites conduction can be described by 

Verwey mechanism[66].which said that the electrical0conductivity inoferrites isomainly 

duetto theihopping ofoelectrons between5the ionsoof theosame9element presentedoin 

moreothan one9valence stateaat octahedral site[67].   

The AC conductivity of all samples were calculated at room temperature using the 

following formula 

σac= ωεoεʺ 

Where ω=2πf, f represented the frequency, εₒ represents the permittivity of free space and  

ɛʺ represents dielectric[68]. 
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Figure 4.18: Variation of AC conductivity with frequency 

 

According to literature, the total conductivity is by following relation [69] 

 

σtot = σo (T) + σ(ω, T) = σo (T) + Bω
s 

where ζo(T) represents dc conductivity which is frequency independent and occur due to 

band conduction. ζ(ω, T) represents ac conductivity due to hopping process among ions 

of same element present in more than one valence state. In above relation, the B and s are 

constants6which depends on both9temperature an3 composition. The trend of the AC 

conductivity is shown in a figure 4.18. It can be seen that at low frequency range the AC 

conductivity is  independent of the frequency and an increasing trend can be seen with 

increase in frequency for each the sample. This behavior is in accordance to Maxwell-

Wagner type. According to this, at lower frequencies2the conductivity is8 low due to 

large hindrance at grain boundaries (related to dc conductivity) for the movement of 

electrons. Asothe frequencyoincreases, theoconductivity acrossothe grain boundaries 

increases due to the more effective  hopping of electrons between Fe
2+ 

and Fe
3+

 ions. 
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Figure 4.19: AC conductivity at 100HZ for increasing (Ni, Co) concentration 

4.8 Ac Impedance 

The real and imaginary parts of impedance of samples were calculated in response to 

frequency at room temperature in figure 4.20 and 4.21. The complex analysis of 

impedance actually describes the detailed analysis of interaction at grain and grain 

boundaries. Real part depicts frequency dependent variation in resistive while imaginary 

part depicts the variation in reactive part of the impedance. A decreasing trend of 

impedance has been seen with increasing cobalt and nickel concentration which indicates 

increase in conductivity at grain boundaries. The decreasing trend in the impedance with 

increase in doping refers to increase in conductivity with in accordance to the previously 

calculated results of dielectric constant. At higher frequencies impedance is becomes 

constant due to reduction in space charge polarization values. While at lower values of 

frequencies high values of impedance can be seen due to high space charge 

polarization[46, 70]. A broad and a-symmetric trend was also seen in imaginary 

impedance plots with increase in Ni and Co concentration which indicates multiple 
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relaxations and deviation from Debye behavior. This is a characteristic of 

semiconductors. 

 

 

Figure 4.20: Variation of real part of impedance with frequency. 
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Figure 4.21: Variation of imaginary part of impedance with frequency. 

Figure 4.22 shows the Cole-Cole (Z' vs. Z'') plot of magnesium ferrite and its Cobalt and 

nickel doped samples with concentration (0.05, 0.1, 0.15, 0.20, 0.25). Semi curved lines 

are shown of each composition at different frequencies. Using Cole-Cole plot analysis we 

can differentiate the resistance effect of intrinsic of grain, grain boundaries, sample-

electrode effect, defects, and relaxation process etc. Appearance of semicircle in the plot 

represents a relaxation process, and radius of semicircle measures the resistance of the 

sample whose center lies on the Z' axis, if the conduction is of Debye type. For a non-

Debye type conduction process, a depressed semicircle always appears. Usually For the 

Cole-Cole plot three distinct semicircles appears in the plot, the semicircle appears at low 

frequency range assigned to grain boundaries resistance, mostly grains boundaries has 

more resistance than the grain bulk because of the more structural and chemical defects 

present. So chargeocarriers atograin boundariesodo not follow theovariations atolow 

frequencyoand relax at low frequency range. The semicircle at high frequency zone 

corresponds to resistive interior grain effect and that of third semicircle is associated to 

the electrode effect [71]. The decrease in radius the semicircle decreases with increases in 

Nickel and Cobalt concentration indicating the decrease in resistance of the material [72]. 
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Figure 4.22: Complex impedance spectra of Mg(1-2x) (Co Ni)xo Fe2O4 (ox= 0.0, 

0.05,k0.1,l0.15,k0.20,k0.25) 

4.9 Complex Electric modulus 
 

Electric modulus plots can explains the relaxation and conduction behavior of materials. 

Figure 4.23 and 4.24 showsothe frequencyodependent realoand imaginaryopart 

offelectric modulus atoconstant temperatureowith differentocompositionsoof Nickel and 

Cobalt. Inofigureo4.23, at lower frequencies Mʹ values are very small and which 

represents negligible electrode effect. At higher frequencies sigmoidal increase in the 

value of M‟ may be due to the short range mobility of charge carriers. Two different 

peaks at low and high range frequencies represent that both the grain and grain 

boundaries resistance playing their roles in the conduction mechanism of the system. In 

figure 4.24 Mʺ two distinct peaks representing the grain and grain boundaries effect. This 

plot also represents a clear shift of relaxation peaks towards higher frequencies with the 

increase of Nickel and Cobalt content which suggest that in low frequency region charge 

carriers moving over long distances and attributed to hopping process. And in high 
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frequency region charge carriers are moving over a short distances correlated with 

relaxation polarization.[73] 

 
Figure 4.23: Variation of real part of electric modulus with frequency. 

 
Figure 4.24: Variation of imaginary part of electric modulus with frequency. 
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Table 4.2: shows theovariation of dielectricoconstant, dielectricoloss, tangentoloss, 

AC conductivity, AC impedance at 100HZ 

 

Ni and Co 

Content 

Dielectric 

Constant at 

100HZ 

Dielectric 

Loss at 

100HZ 

Tan Loss at 

100HZ 

AC 

Conductivity 

at 100HZ 

AC 

impedance 

at 100 HZ 

0.0 43 19 0.4 1x10
-7

 7.65x10
7
 

0.05 71 49 0.7 2.7x10
-7

 5.31x10
7
 

0.10 247 509 2.0 2.8x10
-6

 2.93x10
7
 

0.15 584 1619 2.7 8.9x10
-6

 1.59x10
7
 

0.20 983 3887 3.9 1.3x10
-5

 3.94x10
6
 

0.25 2846 11410 6.1 1.2x10
-5

 4.75x10
6
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Conclusions  
We reported the preparation of Mg (1-2x) (Co Ni)xFe2O4, x=l0.05,l0.10,l0.15,l0.20,l0.25  

byosol geloauto-combustion route. TheoX-ray powder diffraction technique was used to 

investigate the structure of synthesized samples. The obtained XRD patterns confirmed 

the formation of close packed face centered cubic arrangement of nanoparticles. No 

impurity peaks were observed, confirming the purity of the substance. The crystallite 

size, calculated using the Scherer formula, no definite increasing or decreasing trend in 

crystallite size value was seen. It wasoin theorange off50 nm to 66mnm confirming small 

grainosize. The increase in bulkldensity and X-Raykdensity was observed whichois 

subjectedoto the greater density and molecular mass of cobalt ion and nickel ion than that 

of magnesium ions. Due to these increase in porosity fraction was as seen. FTIR analysis 

also confirmedothe formationoof single phaseospinaloferrite. Bands inothe rangeoof (ν1= 

563.04 cm
-1

, 574.52 cm
-1

) and ( ν2 = 418.10 cm
-1

 , 425.56cm
-1

) represents tetrahedral and 

octahedral sites respectively. The SEM images confirmed the formation of uniformly 

distributed spherical ferrite nanoparticles. In the dielectric properties, dielectric constant 

of samples were increased by increasing the (Co, Ni) content. Meanwhile increase in the 

the dielectric loss factor was also found by increasing the (Co, Ni) content. The AC 

conductivity showed that by increasing the (Co, Ni) content in magnesium ferrite value 

increased but then after certain concentration of (Co, Ni) is starts decreasing, that reflects 

that at higher concentration hopping mechanism reduced which in results decreased AC 

conductivity. The experimental route proved to be an efficient, inexpensive and straight 

forward procedure for the synthesis of ferrite nanoparticles. 
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Future Work 

Such a nanohybrid can absorb electromagnetic spectrum, so the studies of their 

microwave absorption as well as UV-Vis characterization can relate to important data 

which can be deployed for military applications. Often, to make the polymer blends 

somewhat conductive, different metallic media are added using various polymerization 

techniques. It‟s only natural that the next step regarding this research would be to add 

such a nanohybrid in a polymer matrix to study the mechanical as well as microwave 

properties of such an advanced hybrid. Owing to their enhanced dielectric properties, 

such a nanohybrid can be used in batteries cathode as well as in the construction of 

aerospace parts by incorporation of thermoset resins rendering them  high stiffness and 

strength even at very high temperatures.With the advancement in the field of composites 

and their versatile use in various industries, such a hybrid can revolutionize the field of 

nanosciences as well as nanotechnology , pushing the boundaries in the real of 

magnetism , dielectric , optical and electromagnetic application. 
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