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ABSTRACT 

Ni0.6Zn0.4-xMgxFe2O4 (x = 0.0, 0.1, 0.15, and 0.2) nanoferrites were successfully synthesized 

by the sol-gel combustion method. The structural, optical and magnetic properties of these 

materials were investigated using x-ray powder diffraction (XRD), field emission scanning 

electron microscopy (FE-SEM), Fourier transform infrared (FT-IR) spectroscopy, 

ultraviolent visible (UV-Vis) spectroscopy, and vibration sample magnetometer 

(VSM).  From the XRD analysis, the lattice parameters and the unit cell volumes of  the 

synthesized samples decreased with an increase in Mg content up to  x = 0.15, after which it 

was increased with a further addition of Mg content (x = 0.2). The crystallite sizes were 

found between 47.5 and 71.5 nm, indicating that all the synthesized materials possessed a 

nanocrystalline structure. The FE-SEM micrographs confirmed that all samples have nearly 

spherical shaped grains with some agglomeration. From FT-IR measurements, the higher 

frequency bands υ1 were appeared between 583.0 and 596.2 cm
-1

, and the lower frequency 

bands υ2 were also appeared between 429.7 and 476.7 cm
-1

. These bands revealed the 

presence of the stretching vibration of the metal-oxygen ions at the tetrahedral and 

octahedral sites. From the optical property study, it was identified that all the synthesized 

samples were optically activated under ultraviolent light. The optical band gap energies 

were found between 1.7 and 1.83 eV. The magnetic property study confirmed the soft 

magnetization behavior of the synthesized samples at room temperature. The squareness 

ratio values of all samples were found to be less than 0.5, indicating the formation of multi-

domain grains.  

 

Keywords: magnesium substitution, nano-ferrites, sol–gel combustion 
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CHAPTER ONE 

INTRODUCTION 

1.1. Background 

Magnetic properties of nanometer sized particles have attracted considerable attention in 

recent years because of their unique electrical and magnetic properties due to both, surface 

and quantum effects, nano-material are considerably different from their bulk form. 

Therefore, this effect affects extensively the physical properties of these materials specially 

electrical, magnetic and optical ones. Magnetic nano particles have become more and more 

important for applications ranging from biotechnology and materials science to biomedicine, 

as well as technical ones like magnetic data storage over the past few years [1]. For instance, 

it is worth mentioning the wide range applicability of nano-crystalline nickel zinc magnetic 

particles have drawn considerable attention of researchers due to their wide range of potential 

applications such as high-density information storage devices, microwave devices, 

transformer cores, NEM/MEMs, magnetic fluids, etc. As we have mentioned earlier, the 

surface to volume ratio of these nano magnetic materials is very large as compared to the 

bulk due to which they exhibit unique properties such as spin canting, surface anisotropy, 

super paramagnetism, etc. [2].  

Magnetite and spinel ferrite nanocrystals are regarded as two of the most important inorganic 

nano material because of their electronic, optical, electrical, magnetic, and catalytic 

properties, all of which are different from the properties of their bulk counterparts. Among 

the spinel ferrites compounds, zinc ferrite, magnesium ferrite, and cadmium ferrite have been 

studied extensively due to their different structures composed of inverse, normal, and mixed 

spinel structures, respectively, and their high electromagnetic performance, excellent 

chemical stability, mechanical hardness, low coercively and moderate saturation 

magnetization, which make it a good contender for the application as soft magnets and low-

loss materials at high frequencies. 

The physical properties of nanoparticles are of current interest due to the size-dependent 

behavior observed in the nanometer length scale and high crystallinity. Nickel and zinc are 

known to have strong preference for the tetrahedral and octahedral sites, respectively, making 

nickel ferrite a model inverse ferrite and zinc ferrite a model normal ferrite. However, the 

composite Ni–Zn ferrites are known to exist as mixed spinel structure [3].  
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The compositional variation in these ferrites results in the redistribution of metal ions over 

the tetrahedral and octahedral sites, which can modify the properties of ferrites. It is also 

known that the physical properties of the ferrites are very sensitive to the method of synthesis 

and the type of substitution. The selection of an appropriate process is, therefore, the key to 

obtain good quality ferrites. Various synthesis processes have been used for preparing nano 

sized ferrite particles. These include sol–gel, hydrothermal, chemical co precipitation, sono-

chemical reactions, mechanical ball milling, etc. of all these processes, sol gel combustion 

method is the most convenient method for the synthesis of nano particles as it produces high 

purity and uniform nanostructures at low temperature [4].  On the other hand the magnetic 

properties of these oxides depend on the type of cations and their distribution among the two 

interstitial positions. The cation distribution and the resulting magnetic properties are found 

to be different and quite interesting in some nano-crystalline spinel ferrites when compared 

to those of their bulk counterparts [5].  

In this research, we studied the effect of Mg substitution on the structural, optical and 

magnetic properties of Ni0.6Zn0.4-xMgxFe2O4 nanoferrite with x varying from 0 to 0.2 

prepared by sol-gel combustion method. X-ray powder diffraction (XRD), Field emission 

scanning electron microscopy (FE-SEM), Fourier transform infrared (FT-IR) spectroscopy, 

ultraviolent visible (UV-Vis) spectroscopy and vibration sample magnetometer (VSM) 

characterizations were used to investigate the desired properties. 

1.2. Statement of the Problem 

The growing demand for electronic devices for application in almost all fields leads to the 

use of nano materials due to their unique property compared to the bulk ones that arise from 

the surface area to volume ratio difference. Nano magnetic materials are a class of nano sized 

materials having an outstanding electromagnetic property. Many works have been done on 

Ni-Zn nanoferrite, and that the structural, optical and magnetic properties of these nano 

materials depend on the size of the particles, the substitution and the type of synthesis 

methods [6,7]. From the literature survey, it is also identified that by the introduction of a 

relatively small amount of foreign metallic ions into spinel materials, important modification 

in structure, optical as well as magnetic properties can be obtained.  
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In view of the significant importance of Ni-Zn based nano sized ferrites and the fact that their 

properties undergo significant changes on substitution with metal cations as well as the 

synthesis method, in this work the structural, optical and magnetic properties of Mg 

substituted Ni0.6Zn0.4-xMgxFe2O4 (x = 0.1, 0.15, 0.2) nanoferrite synthesized by using sol-gel 

combustion technique were studied. From an intensive literature survey, it was identified that 

no reports have been cited on the optical and magnetic property of Ni0.6Zn0.4Fe2O4, 

Ni0.6Zn0.3Mg0.1Fe2O4, Ni0.6Zn0.25Mg0.15Fe2O4 and Ni0.6Zn0.2Mg0.2Fe2O4 nanoparticles 

synthesized by sol-gel combustion technique. 

1.3. Objective of the study  

1.3.1. General Objective 

The general objective of this study is to investigate the effect of magnesium substitution on 

the structural, optical and magnetic properties of nickel-zinc nanoferrite prepared by sol–gel 

combustion method. 

1.3.2. Specific Objectives 

 To synthesize Ni0.6Zn0.4-xMgxFe2O4 (x = 0.0, 0.1, 0.15, 0.2) nanoferrites by using sol-

gel combustion method.  

 To characterize the prepared samples using XRD, FE-SEM, FT-IR spectroscopy, UV-

Vis spectroscopy, and VSM.  

 To compute different structural parameters, such as lattice constants, unit cell 

volumes, crystallite sizes, and magnetic parameters, such as the saturation 

magnetization, coercively, and retentivity of the synthesized samples.  

1.4. Scope 

This research work encompasses the formation of magnesium substituted Ni-Zn nanoferrite 

using sol-gel combustion technique and investigation of the different properties including 

structural, optical and magnetic property of the synthesized nanoparticle using various 

characterization methods. 
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1.5. Significance of the Study 

It is concluded that the physical properties such as electrical, optical, structural and magnetic 

properties of material are mostly depend on the size of the particle and the synthesis 

technique. In the present work the structural, optical and magnetic properties of Ni0.6Zn0.4-

xMgxFe2O4 x varying from 0.0 to 0.2 in a nano-level synthesized using sol-gel combustion 

method was investigated. Why we preferred sol-gel combustion method is due to its various 

advantages like better homogeneity, composition control, simple, narrow particle size 

distribution at relatively low temperature as it is a wet chemical method, high purity 

compared to other methods. The characterization techniques that have been employed in 

order to study the required properties like structural, optical and magnetic after substitution 

of magnesium in the parent material are XRD, FE-SEM, FT-IR spectroscopy, UV-Vis 

spectroscopy, and VSM. Owing to this an outstanding result has been obtained on the 

corresponding material. 

The findings of this research will be a significant endeavor for beginner researchers on the 

field of nanomagnetic materials and will give contribution through giving information about 

nanoparticles and synthesis technique. It also serves as a future reference for researchers on 

this area. Therefore, this work will be helpful on giving information about the different 

properties of the prepared sample materials in detail. 
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CHAPTER TWO 

LITRATURE REVIEW 

2.1. Ferrites 

 Ferrite is a general term used for any ferrimagnetic ceramic material. They are a very well 

established group of magnetic materials. Various types of ferrites are commercially 

important. Ferrite is categorized as electro ceramics with ferrimagnetic properties. Each one 

has a unique crystal structure, magnetic, electric and dielectric properties.  Ferrites or 

ferromagnetic oxides (also known as ceramics containing compounds of iron) are dark brown 

or gray in appearance and very hard and brittle in physical character. They are prepared by 

heat-treating various transition metal oxides or alkaline earth oxides with the ferric oxides. 

The magnetic behavior exhibited by the ferrites is quite different from ferromagnetism that is 

exhibited by metallic materials. Ferrites are non-conducting magnetic media so eddy current 

and ohmic losses are less than for ferromagnetic materials. Ferrites are often used as 

transformer cores at radio frequencies (RF), simple permanent magnets, and magnetic 

recording. These applications are based upon the very basic properties of ferrites: a 

significant saturation magnetization, a high electrical resistivity, low electrical losses, and a 

very good chemical stability, ferrites are most common in nature. From the daily iron oxide 

Fe3O4 (magnetite) formed at the surface of many iron containing objects like fences, cars, 

doors, barbecue grills. 

Ferrite exhibits ferrimagnetism due to the super-exchange interaction between electrons of 

metal and oxygen ions. The opposite spins in ferrite results in the lowering of magnetization 

compared to ferromagnetic metals where the spins are parallel. Due to the intrinsic atomic 

level interaction between oxygen and metal ions, ferrite has higher resistivity compared to 

ferromagnetic metals. This enables the ferrite to find applications at higher frequencies and 

makes it technologically very valuable. Their magnetic properties can greatly vary from one 

element to another, since the microscopic (atomic) structure is composed of two or more 

magnetic sublattices. 
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Many ferrites are spinels with the formula AB2O4, where A and B represent various metal 

cations, usually including iron (Fe). Spinel ferrites usually adopt a crystal motif consisting of 

cubic close-packed (FCC) oxides (O2
−
) with A cations occupying one eighth of the 

tetrahedral holes and B cations occupying half of the octahedral holes.  

If one eighth of the tetrahedral holes are occupied by B cation, then one fourth of the 

octahedral sites are occupied by A cation and the other one fourth by B cation and it's called 

the inverse spinel structure. It's also possible to have mixed structure spinel ferrites with 

formula [M
2+

1-δFe
3+

δ][M
2+

δFe
3+

2-δ]O4 where δ is the degree of inversion[8]. The magnetic 

material known as "ZnFe" has the formula ZnFe2O4 with Fe
3+

 occupying the octahedral sites 

and Zn
2+

 occupy the tetrahedral sites [9]. The possibility of preparing ferrites in the form of 

nanoparticles has opened a new and exciting research field, with revolutionary applications 

not only in the electronic technology but also in the field of biotechnology [5]. 

2.1.1. Classification of ferrites 

Ferrites are classified according to magnetic properties and their crystal structure. Based on 

their magnetic properties, ferrites are often classified as "soft" and "hard" which refers to 

their low or high coercivity of their magnetism, respectively. 

2.1.1.1. Soft ferrites 

Soft ferrites are characterized by a small value of coercivity so they cause low hysteresis loss 

at high frequency owing to which they are widely used in electromagnetic cores of 

transformers, switching circuits in computers and RF inductors; e.g., lithium ferrite, nickel 

ferrite and manganese-zinc ferrite [10]. Soft ferrites are ferrimagnetic materials with cubic 

crystal structure and they are characterized by a chemical formula MO·Fe2O3, where M is  

transition metal ions like Iron, Nickel, Manganese or Zinc. Manganese-Zinc ferrites are used 

in soft magnetic applications up to high frequencies of 10 MHz. At high frequency, metallic 

soft magnetic materials simply cannot be used due to the eddy current losses. Therefore, soft 

ferrites, which are ceramic insulators, become the most desirable material for example in 

telephone signal transmitters and receivers and in switch mode power supplies (referred as 

DC-DC converters).  
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Ferrites that are used in transformer or electromagnetic cores contain nickel, zinc, or 

manganese compounds. They have a low coercivity and are called soft ferrites. Due to their 

comparatively low losses at high frequencies, they are extensively used in the cores of 

switched mode power supply (SMPS) and radio-frequency (RF) transformers and inductors. 

2.1.1.2. Hard ferrites 

Hard ferrites are characterized by a large value of retentivity and coercivity after 

magnetization so they find applications as permanent magnets in radios; e.g., barium and 

strontium ferrite. Maximum magnetic field strength is about 0.35 T and magnetic field 

strength is about 30 to 160 kA/m. Permanent ferrite magnets are made up of hard ferrites, 

which have a high coercivity and high remanance after magnetization. These ferrites are 

composed of iron and barium or strontium oxides. In a magnetically saturated state they 

conduct magnetic flux well and have a high magnetic permeability. This enables these 

ceramic magnets to store stronger magnetic fields than iron itself. They are cheap, and are 

widely used in household products such as refrigerator magnets. The hexagonal ferrite 

structure is found in both Ba0·6Fe2O3 and Sr0·6Fe2O3, but Sr-M hexaferrite has slightly 

superior magnetic properties.  

In contrast, permanent ferrite magnets (or hard ferrites) which have a high remanence after 

magnetization are composed of iron and barium or strontium oxides. In a magnetically 

saturated state, they conduct magnetic flux well and have a high magnetic permeability. This 

enables these so-called ceramic magnets to store stronger magnetic fields than iron itself. 

They are the most commonly used magnets in radios. The maximum magnetic field B is 

about 0.35 Tesla and the magnetic field strength H is about 30 to 160 kA turns per meter 

(400–2,000 Oe) [11]. 
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Figure 2.1: Hysteresis loop for (a) soft and (b) hard ferrite. 

Ferrites can also be classified into the following three different type;  

1. Hexagonal ferrite 

2.  Garnet 

3. Ortho ferrite 

4. Spinel ferrite (Cubic ferrite) 

Hexagonal ferrites 

Hexagonal ferrites was first identified by Went et al. in1952 [12]  and Jonker et al. in 1956. 

These types of ferrites have a formula MFe12O19, where M is an element like Barium, Lead 

or Strontium. In these ferrites, oxygen ions have closed packed hexagonal crystal structure. 

They are widely used as permanent magnets and have high coercivity. They are used at very 

high frequency. Their hexagonal ferrite lattice is similar to the spinel structure with closely 

packed oxygen ions, but there are also metal ions at some layers with the same ionic radii as 

that of oxygen ions. Hexagonal ferrites have larger ions than that of garnet ferrite and are 

formed by the replacement of oxygen ions. Most of these larger ions are barium, strontium or 

lead [13]. 

Garnets 

The general formula of the unit cell of a pure iron garnet has eight formula units of 

M3Fe5O12, where M is the trivalent rare earth ions (Y, Gd, Dy). Their cell shape is cubic and 

the edge length is about 12.5 Å. They have complex crystal structure. They are largely used 

in applications of memory structure [13]. 
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Ortho Ferrites 

Ortho-ferrites have an ortho-rhombic crystal structure and space group Pbnm. The chemical 

formula of these ferrites is, RFeO3 where R is the rare-earth element. Ortho-ferrites are 

commonly weak ferromagnetic materials La FeO3 and Dy FeO3 are examples of ortho-ferrites 

[14]. Ortho ferrites possess extremely high velocities of the domain wall motion and it is 

used in communication techniques, in optical internet, in sensors of magnetic fields and 

electrical currents, mechanical quantities etc. [8] 

2.2 Spinel ferrites 

Ferrites with the formula AB2O4, constitute the first group of ferrites, where A and B 

represent various metal cations like iron. The crystal structure spinel ferrite is cubic with 

spinel type (MgAl2O4) and possesses two tetrahedral and four octahedral sites per unit 

formula. The unit cell of spinel ferrites is FCC with eight formula units per unit cell. The 

formula can be written as M8Fe16O32. The anions are the greatest and they form an FCC 

lattice. Within these lattices two types of interstitial positions occur and these are occupied 

by the metallic cations. There are 96 interstitial sites in the unit cell, 64 tetrahedral (A) and 

32 octahedral (B) sites. 

 

 

 

 

 

 

 

 

Figure 2.2. Schematic of a representative spinel ferrite structure showing oxygen atoms (red) 

tetrahedral (yellow) and octahedral (green) units [15]. 
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Ions located at the tetrahedral sites are known as ‗network formers‘, while those located at 

the octahedral sites are known as ‗network modifiers‘ [16]. Such a structure endows the 

spinel ferrites with unique electromagnetic properties [17-18]. 

Spinel ferrites are magnetically soft and they are alternative to metallic magnets such as Fe 

and layered Fe-Si alloys, but exhibit enhanced performance due to their outstanding magnetic 

properties. In addition, spinel ferrites have the properties such as high electrical resistivity 

and low magnetic loss.  

The two popular ceramic magnets; Nickel-Zinc ferrites and Manganese-Zinc ferrites are the 

major members of the spinel ferrite family. They have been intriguing ceramic materials due 

to their high electrical resistivity, high magnetic permeability and possible modification of 

intrinsic properties over a wide spectrum [4]. 

Table 2.1. Classification of ferrites [8]. 

Types Molar ratio Representations 

Spinel Fe2O3.1MO MO is a transition metal oxide 

Garnet 5Fe2O3.3M2O3 M2O3 is a rare earth metal oxide 

Ortho AFeO3 
A is rare earth elements like HO, Dy, 

Er, Y, Yb 

Hexaferrite 6Fe2O3.1MO 

MO is a divalent metal oxide from 

group IIA 

e.g. BaO, CaO, SrO 

2.2. Types of spinel ferrites 

Based on their crystal structure spinel ferrites are classified into three different groups 

namely; normal spinel ferrites, inverse spinel ferrites and mixed spinel ferrites. 

2.2.1. Normal spinel ferrites 

If there is only one kind of cations on octahedral (B) sites, the spinel is normal. In these 

ferrites the divalent cations occupy tetrahedral (A) sites, while the trivalent cations are on 

octahedral (B) sites[19]. The cation distribution for normal spinel ferrites can be represented 

as in general (A
2+

)
A
[B

3+
2]

B
O4.  
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Some examples of normal spinel ferrites are zinc ferrite (ZnFe2O4) and cadmium ferrites 

(CdFe2O4), in which the divalent metallic ions Zn
2+

 or Cd
2+

 are at the (A) site, while Fe
3+

 

ions are at (B) site. Their structures are usually cubic close-packed oxides with eight 

tetrahedral and four octahedral sites per formula unit. The tetrahedral spaces are smaller than 

the octahedral spaces. B ions occupy half the octahedral holes, while A ions occupy one-

eighth of the tetrahedral holes [20]. 

2.2.2. Inverse spinel ferrites 

 In inverse spinel structure, half of the Fe
3+

 ions occupy A-sites and remaining occupy B-sites 

and its general formula can be written as ([M
2+

 Fe
3+

]
B
 [Fe

3+
]

A
 O4) (e.g., FeOFe2O3, NiFe2O4, 

CoFe2O4). For an inverse spinel, all the divalent metal ions A
2+

 are located at octahedral B 

sites and trivalent ions B
3+

 are distributed equally between the A and B sites[8]. 

 

 

 

 

 

 

 

Figure 2.3.Unit cell structure of (a) normal spinel ferrite, and (b) inverse spinel ferrite [21]. 

2.2.3. Mixed spinel ferrites 

In this type of ferrites, the divalent metal ions A
2+

 and trivalent B
3+

 ions are distributed at 

both tetrahedral A site and octahedral B site then the ferrite is termed as random spinel 

ferrite. Iron based random spinel ferrites can be represented by [Mx
2+

Fe1-x
3+

]
A
[M1-

x
2+

Fe1+x
3+

]
B
O4 ,where x is inversion parameter, depends on the method of preparation of 

ferrite and chemical composition of ferrite. For complete normal spinel ferrite x =1, for 
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complete inverse spinel ferrite x =0, for mixed ferrite ‗x‘ ranges between these two extreme 

values, for completely mixed ferrite x = 1/3. Examples for mixed spinel ferrite are MnFe2O4, 

MgFe2O4 [22]. 

Table2.2. Category of spinel structure [8]. 

2.3. Nickel ferrite 

Nickel ferrite with the formula NiFe2O4 has an inverse spinel structure; i.e. oxygen ions have 

cubic closed packing arrangement. Out of the total 64 tetrahedral sites (A sites), 8 are 

occupied by Fe
3+

, 8 Ni
2+

 and 8 Fe
3+

 are occupied in 16 octahedral sites (B sites) of a possible 

32 [23]. There is anti-ferromagnetic coupling between the A and B atoms and a net magnetic 

moment is obtained due to the nickel ions. Ni
2+

 has a magnetic moment of 2 µB and hence a 

unit cell of the ferrite has a total magnetic moment of 16 µB. 

NiFe2O4 nanoparticles have been widely studied for their unique properties which can be 

influenced by their shape, particle size and their composites with other material and have 

different applications [24]. Due to their high electric resistivity, low coercivity, moderate 

saturation magnetization and low hysteresis losses, nickel ferrites are categorized in the class 

of soft ferrites [25-26]. These soft magnetic materials also offer other favorable properties, 

such as high permeability at high frequency, mechanical hardness, electrochemical stability, 

reasonable cost and low dielectric and eddy current losses [12, 27]. 

Structure Chemical formula 
Sites 

Tetrahedral Octahedral 

Normal spinel  (   )[   ]   
   All A

2+
cations occupy B

2+
cations occupy 

Invers spinel 
(   )[      ]  

   

 
1/2B

3+
cations occupy 

1/2B
3+

 and all 

A
2+

cations occupy 

Mixed spinel 
(    
    

  ) [  
 

   
  

 

 

  ] 

 

1.       

2. If     the normal spinel and if     

the inverse spinel. So   can be referred 

to as tenable factor between normal, 

inverse and mixed structures.  
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Various methods are used to synthesize Nickel ferrite nanoparticles, such as: combustion, 

redox process, forced hydrolysis, co-precipitation, sol–gel, hydrothermal, polymer 

combustion method (PC), solid state method (SS), electrochemical, thermal decomposition 

method and sol-gel auto combustion method [28-31]. 

2.4. Literature survey 

In recent years, a lot of work has been done on nanomagnetic materials because of their 

unique properties compared to the bulk materials. Many researchers are involved in the 

investigations of Ni-Zn based nanoparticles because of their potential applications in almost 

all electromagnetic devices, microwave technology and high-density magnetic recording 

media, biomedicine etc. Some of them are discussed as follows.  

Jagadeesh Kumar et al. [1] have investigated the Copper-substituted Ni–Zn nanoferrite 

prepared by using sol-gel technique using polyvinyl alcohol as a chelating agent to control 

the particle size. The structural parameters and magnetic properties were examined by X-ray 

diffraction, field emission scanning electron microscopy (FESEM), Fourier-transform 

infrared spectroscopy and vibrating-sample magnetometer techniques respectively. They 

identified that the substitution of Cu affects the structural and the physical properties of   Ni-

Zn nanoferrite. The observed high values of magnetic permeability and DC resistivity 

suggest that the Ni–Zn ferrite system yields useful electromagnetic properties for smaller 

concentrations of copper substitution. 

Kandasamy Velmurugan et al. [3] have reported nickel ferrite of sizes 6 to 8 nm 

nanoparticles synthesized by using co-precipitation method with x varying from 0 to 1.0. The 

powder samples were characterized by XRD, VSM and FTIR. The average crystallite sizes 

of the particles were determined from X-ray diffraction. X-ray analysis showed that the 

samples were cubic spinel. The lattice constant (a) increased with an increase in zinc content. 

The specific saturation magnetization (MS) of the particles was measured at room 

temperature. The magnetic parameter of Ms was found to decrease with the increase in zinc 

substitution. Fourier transform infrared spectroscopy (FTIR) spectra of the Ni1-xZnxFe2O4 

with x = 0, 0.5, 1 in the range 400 – 4000 cm-1 were reported. The spinel structure and the 

crystalline water adsorption of Ni1-xZnxFe2O4 nanoparticles were studied by using FTIR. 
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Bobade et al. [32] studied nanocrystalline arrays of Ni
2+

 substituted Mg–Zn spinel ferrite 

having a generic formula Mg0.7xNixZn0.3 Fe2O4 (x¼0.0, 0.2, 0.4 and 0.6) which were 

successfully synthesized by sol–gel auto-combustion technique. The fuel used in the 

synthesis process was citric acid and the metal nitrate-to-citric acid ratio was taken as 1:3. 

The phase, crystal structure and morphology of Mg–Ni–Zn ferrites were investigated by X-

ray diffraction, scanning electron microscopy, and Fourier transformer infrared spectroscopy 

techniques. The lattice constant, crystallite size, porosity and cation distribution were 

determined from the X-ray diffraction data method. The FTIR spectroscopy is used to deduce 

the structural investigation and redistribution of cations between octahedral and tetrahedral 

sites of Mg–Ni–Zn spinel structured material. Morphological investigation suggests that the 

formation of grain growth as the Ni
2+

 content x increases. The saturation magnetization and 

magneton number were determined from hysteresis loop technique. The saturation 

magnetization increases with increasing Ni
2+

 concentration ‗x‘ in Mg–Zn ferrite. 

Sareh Shafiee et al. [33] reported the Zinc, magnesium, and copper substituted nickel spinel 

ferrite which  were synthesized in the form of Ni1 – x (Zn0.6Mg0.2Cu0.2)x Fe2O4 (where x = 0.0, 

0.3, 0.5 and 0.7) via auto combustion method. The effect of the presence of these dopants on 

the average of crystallite, average particle size, the lattice constant, morphology, initial 

permeability, and magnetization of the synthesized ferrites was investigated. The structural 

properties, morphology, and magnetic properties were characterized via X-ray diffraction 

(XRD), field emission scanning electron microscopy (FE-SEM), energy dispersive 

spectroscopy (EDS), LCR meter and alternative gradient force magnetometer (AGFM). XRD 

study shows the formation of a single-phase cubic spinel structure. Also, the average 

crystallite size was found to increase from 6 nm to 11 nm with increasing the Zn
2+

, Mg
2+

, and 

Cu
2+

 doping ratio from 0.0 to 0.7. Moreover, FE-SEM results were indicated the presence of 

nanosized spherical shape of prepared particles with agglomeration. The lattice constant and 

the particle size were found to increase with the increase in Zinc, magnesium, and copper. 

The values of initial permeability and magnetization were increased to a maximum value of 

76 H/M and 71.37 emu/g for x = 0.7 sample. Furthermore, coercivity was found to decrease 

with increasing Zinc, magnesium, and copper concentration, which is useful for power 

applications. The variations of initial permeability and magnetization as a function of average 

particle size were discussed and were compared with previous works.  
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The results were indicated the increase in initial permeability and magnetization with the 

enhancement of average particle size. The constancy in permeability throughout the 

frequency range studied from 10 kHz to1 MHz was indicated the compositional stability and 

quality of the samples. The results were indicated that the ferrites with high initial 

permeability can be an excellent choice as magnetic cores. 

ShimelisAdem et al. [34] reported the structural, optical properties of   Zn0.85Ni0.1Mg0.05Fe2O4 

nanoparticles  that were synthesized  by using a sol-gel combustion method using the raw 

materials Zn(NO3)z⋅6H2O, Ni(NO3)2⋅6H2O, Mg(NO3)2⋅6H2O, Fe(NO3)3.9H2O and 

C6H8O7.H2O. The synthesized Zn0.85Ni0.1Mg0.05Fe2O4 sample was characterized by X-ray 

powder diffraction (XRD), Furrier transform infrared (FTIR) spectroscopy and ultraviolent-

visible (UV-Vis) spectroscopy. Using these techniques, the structure as well as the optical 

property of the synthesized sample was investigated. The lattice parameter, unite cell volume 

and band gap of Zn0.85Ni0.1Mg0.05Fe2O4 sample were also estimated. The XRD analysis 

confirmed that the synthesized Zn0.85Ni0.1Mg0.05Fe2O4 sample possessed a single-phase cubic 

spinel structure with Fd-3m space group. The lattice parameter, the unite cell volume and the 

average crystal size of Zn0.85Ni0.1Mg0.05Fe2O4 sample were found be 0.8342 nm, 580.5 (Å) 3 

and 51 nm, respectively. The FT-IR analysis of Zn0.85Ni0.1Mg0.05Fe2O4 sample confirms the 

presence of two strong absorption bands υ1 and υ2 which lie in the expected range of cubic 

spinel-type ferrite material. It also revealed the presence of the tetrahedral and octahedral 

sites in Zn0.85Ni0.1Mg0.05Fe2O4 sample. The optical band gap of the sample was found to be 

2.4 eV, indicating the semiconductor behavior of Zn0.85Ni0.1Mg0.05Fe2O4 sample. 

In 2018 Carlos Andrés Palacio Gómez et al. [35] prepared series of Nickel-Zinc ferrite 

samples  by low-energy ball milling with subsequent thermal treatment in air at 1200 °C for 

12 h. X-ray Diffraction patterns confirm the formation of the ferrite phases. Lattice 

parameters were found to increase almost linearly from 8.3366 Å to 8.4387 Å with the 

increment of zinc substitution. The oxygen parameters also increased and were found to 

closely follow an earlier proposed power law equation. The cation-oxygen bond lengths, 

suggest a gradual tetrahedral expansion an d octahedral contraction with increasing Zn 

content. Additionally, the occupation of Zn2+ and Ni2+ ions in all samples has been 

determined by using the line intensity ratios of diffraction peaks together with a proposed 

general chemical formula.  



MSc. Thesis Page 16 
 

From the calculated cation distributions, it was found that the theoretical lattice parameters 

agree with the experimental ones. By using, the Williamson-Hall method, an average 

crystallite size of ∼36 nm was found. 

Shannon A. Morrison et al. [36]. Have also studied the Nickel-zinc ferrite nanoparticles 

(Ni0.2Zn0.44Fe2.36O4) have been produced at room temperature, without calcination, using a 

reverse micelle process. Particle size is approximately 7 nm as determined by x-ray powder 

diffraction and transmission electron microscopy. Saturation magnetization values are lower 

than anticipated, but are explained by elemental analysis, particle size, and cation occupancy 

within the spinel lattice. Extended x-ray absorption fine structure analysis suggests that a 

significant amount of Zn
2+

, which normally occupies tetrahedral sites, actually resides in 

octahedral coordination in a zinc-enriched outer layer of the particles. This ‗‗excess‘‘ of 

diamagnetic Zn can thus contribute to the overall decrease in magnetism. Further, this model 

can also be used to suggest a formation mechanism in which Zn
2+

 is incorporated at a later 

stage in the particle growth process. 

Abbasher M Gismelseed et al [37] have prepared spinel magnesium-zinc ferrites ZnxMg1-

xFe2O4 (0‖x‖1)  by the standard double sintering ceramic method have been investigated 

using X-ray (XRD) diffraction technique and Mössbauer spectroscopy measurements at 

295K and 78K. The crystal structure is found to be single cubic spinel whose lattice 

parameter ‗a‘ increases with increasing Zn content. The Mössbauer spectra of the samples 

taken at 78 K are found to be magnetically ordered for x=0.5, paramagnetic for x=0.8 and 

show very broad patterns for intermediate concentration of Zn
2+

. The variation of the 

magnetic properties with the Zn concentration has been explained on the basis of the cation 

distribution driven from the Mössbauer measurements. 

Jamadar et al. [38] synthesized series of nanocrystalline Ni0.6 – xZnxCu0.4Fe2O4 ferrites (x = 

0.0, 0.1, 0.2, 0.3, 0.4) by auto-combustion route. Formation of the spinel phase (without any 

impurity phase) was confirmed by X-ray diffraction. The lattice parameter of synthesized 

ferrites was found to linearly increase with increasing x. The octahedral and tetrahedral 

vibration modes were studied by Fourier transform IR spectroscopy. SEM images revealed 

compact agglomeration exhibiting grain growth with an increase in x. The dependence of 

saturation magnetization on the mole fraction of zinc was studied 
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CHAPTER THREE 

MATERIAL AND METHODS 

3.1 List of chemicals 

In this research work, sol-gel combustion technique is proposed to synthesize the desired Mg 

substituted Ni-Zn nanoferrite. Different chemicals were used (Table 3.1) in order to prepare 

the required four samples based on the predefined composition. 

 

Table3.1. List of chemicals, their formula and purpose. 

 

 

 

 

 

 

No Chemicals Chemical Formula Purpose 

1 Nickel(II) Nitrate Hexahydrate Ni(NO3)2.6H2O Source of Ni cation 

2 Zinc(II) Nitrate Hexahydrate Zn(NO3)2.6H2O Source of Zn cation 

3 
Magnesium (II) Nitrate    

Hexahydrate 
Mg(NO3)2.6H2O Source of Mg cation 

4 Iron (III) Nitrate Nonahydrate Fe (NO3)3.9H2O Source of Fe cation 

5 Citric Acid Monohydrate C6H8O7.H2O Chelating agent 

6 Ammonia Solution NH3 solution 

To adjust pH value of 

the solution 

 

7 

Potassium Bromide KBr 
To produce transparent 

pellet 
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3.2 Experimental procedures 

This section describes the sample preparation technique to synthesize the required Mg 

substituted Ni-Zn nanoferrite in regular steps and also different characterization technique in 

detail. 

3.2.1 Sample preparation 

Ni0.6Zn0.4-xMgxFe2O4 nanopowder varying x from 0.0 to 0.2 in regular steps were prepared by 

sol-gel combustion method by taking high purity precursor salts. The raw materials used for 

making the required sample materials were namely Nickel(II) Nitrate Hexahydrate (Ni 

(NO3)2.6H2O), Zinc(II) Nitrate Hexahydrate (Zn(NO3)2.6H2O), Magnesium (II) Nitrate 

Hexahydrate (Mg(NO3)2.6H2O), Iron (III) Nitrate Nonahydrate (Fe (NO3)3.9H2O) and citric 

acid(C6H8O7.H2O) was used in the reaction as a fuel and chelating agent in order to facilitate 

a good medium for dispersion of nanoparticles and to control the particle growth during the 

synthesis process. The weighed amounts of these ingredients were dissolved in minimum 

amounts of deionized water in stoichiometric ratio, the expected metal nitrate and citric acid 

were maintained in molar ratio 1:1. And then ammonia solution (NH4OH) was added drop 

wise until PH of 7 was attained under a continuous stirring. Later the prepared solution was 

then stirred with a magnetic stirrer at about 100
0
c. As the evaporation of water proceeded, the 

sol turned into viscous gel. Then the obtained gel further heated for 3hours at 100
0
c to 

remove the volatile impurities.  

During heating process the gel gets boiled and combustion process carried out in the hottest 

zones of the beaker followed  by ignition from the bottom of the beaker  like the eruption of 

the volcano by forming a dark grey ash type massy product which blow up to the top of the 

beaker. Thereafter the obtained dark grey ash was ground in an agate mortar for about 2 

hours. The resulting powder was calcined for 10 hours at 950
0
 to obtain the pure phase spinel 

structure of the required nanoferrite powder sample and after calcination the powder sample 

was then ground for half an hour using an agate mortar to obtain uniform powder. Finally 

fine brownish dark powder was formed. The synthesis procedures are summarized in Figure 

3.1.  
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Figure 3.1. Schematic diagram for the preparation of Ni0.6Zn0.4-xMgxFe2O4 (x= 0.0, 0.1, 

0.15, 0.2) nanoferrites by sol-gel combustion method. 
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3.3 Material characterization 

In this research, the following techniques were utilized to characterize the prepared samples,  

 X-Ray Powder Diffraction 

 Field Emission Scanning Electron Microscopy 

 Fourier Transform Infrared Spectroscopy 

 UV-Visible Spectroscopy 

 Vibrating Sample Magnetometer 

3.3.1 X-Ray power diffraction 

 X-ray diffraction is a common technique for the study of crystal structures and atomic 

spacing. X-ray diffraction is based on constructive interference of monochromatic X-rays and 

a crystalline sample. The position of the peaks will provide the phase formation of the 

targeted compound. When x-ray strikes a crystal, the electromagnetic wave penetrates the 

crystal structure. Each plane of atoms in the crystal reflects a portion of the waves. The 

reflected wave from different planes then interferes with each other and gives rise to a 

diffraction beam which is at a well-defined angle 2θ to the incident beam. The incident beam 

becomes diffracted by the crystal structure. It is observed that some of the incident beam 

goes through the crystal undiffracted and some of the beam becomes diffracted. Further, it is 

found that the diffracted rays exist only in certain directions. These diffraction directions 

correspond to well define diffraction angles 2θ. The diffraction angle, 2θ, the wavelength of 

the x-rays, and the interplanar separation d of the diffraction planes within the crystal are 

related through the Bragg diffraction condition, that is, 

nλ= 2dsinθ  n=1, 2, 3 …    Bragg‘s law   ………………  (3.1) 

where d is the inter-planar distance, θ is the Bragg angle, n is the order of the diffraction and 

λ is the wavelength of the incident wave [39,40]. 

In the present work, the structure and face formation of all samples were detected by using 

characterized using a PANalytic Cu-Kα powder diffractometer fitted with Cu-Kα radiation (λ= 

1.54060 Å)over a 2θ range from 10
o
 up to 80

o
.  

The unit cell lattice parameter (a,) were calculated by the least square fitting method from the 

d-spacing and the Miller indices, hkl using following relation; 
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    √         …………………………    (3.2) 

The unit cell volume of the all samples will be calculated by; 

      ………………………………………   (3.3) 

The average crystallite size of the samples will be calculated using Scherrer's formula [41]; 

     

  
    

     
  …………………………………………  (3.4) 

where λ is the X-ray wavelength, θ is the Bragg diffraction angle, and β is the full width half 

maxima FWHM of the XRD peak appearing at the diffraction angle θ. 

3.3.2 Field emission scanning electron microscope 

Field emission electron microscope is a type of material characterization instrument which is 

just like SEM that images the sample surface by scanning it with higher energy beam of 

electrons for examination and analysis but with higher resolution and much better energy.  

SEM uses a very fine probe of electrons focused at the surface of the specimen and scanned 

across it in a raster or pattern of parallel lines. It is capable of producing ultrahigh resolution 

images of a sample surface at low accelerating voltages and small working distance. 

Electrons interact with the atoms that make up the sample producing signals which allows an 

image to be created by analysis of the secondary electrons and back-scattered electrons. 

Backscattered electrons are rich in surface sensitive information, which is highly important to 

FE-SEM measurement. The application of FE-SEM can include topography (the surface 

features of an object and its texture), morphology (the shape and size of the particles making 

up the object), etc. [42].  

In this work, FE-SEM characterization was conducted using JSM-7500F instrument. All 

samples were coated with platinum before the characterization was conducted.  

3.3.3 Fourier transform infrared spectroscopy 

Fourier transformed infrared (FT-IR) spectroscopy technique is used for investigating the 

infrared spectra in terms of absorbance or transmittance. In infrared spectroscopy, IR 

radiation is passed through a sample. Some of the infrared radiation is absorbed by the 

sample and some of it is passed through (transmitted) [43].  
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The resulting spectrum represents the molecular absorption and transmission, creating a 

molecular fingerprint of the sample. Like a fingerprint no two unique molecular structures 

produce the same infrared spectrum. This makes infrared spectroscopy useful for several 

types of analysis. So, FTIR can provide some information such as to identify unknown 

materials, determine the quality or consistency of a sample, and determine the amount of 

components in a mixture.  

In this study, the IR spectra of all the synthesized samples were measured using Shimadzu 

FT-IR-8900 spectrometer in the wave number region between 1000 cm
-1

 and 400 cm
-1

.For 

this purpose, the prepared four samples were grinded into fine particles in agate mortar and 

pestle for 5minutes.These fine particles then were mixed with a IR transparent KBr powder. 

The resulting powder mixture was transferred into 10mm stainless steel disk for a die set and 

5 tons of pressure were applied using a hydraulic press for 4 minute to form a very fine thin 

pellet [44]. 

3.3.4 Ultraviolet–visible spectroscopy 

Ultraviolet–Visible (UV-Vis) spectroscopy is a powerful characterization technique which is 

used to study the optical properties, such as the optical band gap and refractive index of 

materials. The term band gap refers to the energy difference between the top of the valence 

band to the bottom of the conduction band; electrons are able to jump from one band to 

another. In order for an electron to jump from a valence band to a conduction band, it 

requires a specific minimum amount of energy for the transition, the band gap energy.  

In this study, the optical properties of all synthesized samples will be conducted using UV-Vis 

spectrophotometer (SPOCORD), analytical Jena, Germany, 190-1110 nm, in the wavelength 

region of 300 to 800 cm
-1

. The optical band gap of these materials was determined using the 

fundamental absorption, which corresponds to electron excitation from the valance band to 

the conduction band using Tauc‘s relation; 

(αhν) = A(hν - Eg)
 n

……………………………   (3.5) 

Where α is the absorption coefficient,  -optical energy gap, A is a constant which is different 

for different transitions, (  ) is energy of photon and n is an index which assumes the values 

1/2, 3/2, 2 and 3depending on the nature of the electronic transition responsible for the 

reflection [45]. 
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3.3.5 Vibrating sample magnetometer 
 

The vibrating sample magnetometer (VSM) has become a widely used characterization 

technique for investigating the magnetic behavior of magnetic materials. VSM works on 

Faraday's Law of induction, which informs that a changing magnetic field was produced an 

electric field and this electric field can be measured and provide us information about the 

induced magnetic field in the material. The room temperature magnetization of all samples 

will be measured using vibrating sample magnetometer system (VSM 3900 Princeton) 

instrument. The external magnetic field was applied in the range of -10,000 to 10,000 Gauss 

[46]. 

The magnetic property of the synthesized four samples of Ni0.6Zn0.4-xMgxFe2O4   (x = 0.0, 0.1, 

0.15, 0.2) nanoferrites were measured by using a vibrating sample magnetometer system 

(VSM 3900 Princeton) instrument. The external magnetic field was applied in the range of -

10,000 to 10,000 Oe. 

 

 

 

 

 

 

 

 



MSc. Thesis Page 24 
 

CHAPTER FOUR 

RESULT AND DISSCUTION 

In this chapter, the main results and discussion of the synthesized Ni0.6Zn0.4-xMgxFe2O4 (x = 

0.0, 0.1, 0.15, and 0.2) nanoferrites are discussed. The physical properties including 

structural, optical, and magnetic properties of the investigated materials are briefly explained.  
 

4.1.   X-ray powder diffraction analysis  

The phase formation and the crystalline structure of the synthesized Ni0.6Zn0.4-xMgxFe2O4 (x 

= 0.0, 0.1, 0.15, and 0.2) ferrite nanoparticles was identified by using X-ray powder 

diffraction (XRD) technique in the range of 2θ between 10
O
 and 80

O
 after the sample is 

calcined at 950
o
C for 10 hours .The room temperature XRD patterns of Ni0.6Zn0.4-xMgxFe2O4 

( x = 0.0, 0.1, 0.15, and 0.2) nanoferrite in the form of powder are shown in  Figure 4.1. All 

these samples were synthesized by sol-gel combustion method. As shown in the figure, a 

well-defined XRD patterns and sharp peaks are formed from all the synthesized powder 

samples, indicating the good degree of the crystallinity nature of all samples. Secondary 

phase or extra peak (represented by *) was observed due to the presence of Fe2O3 in all 

samples at around 33.2
O
.  Such peaks were also detected in earlier report about Ni1–

xZnxFe2O4 samples [47].   

Moreover, the diffraction peaks in all samples are indexed as (111), (220), (311), (222), 

(400), (422), (511), and (440) planes. All these peaks are well matched with the spinel cubic 

structure of nickel zinc ferrite (JCPDS card no. 08-0234 powder diffraction file) with a Fd-

3m space group. This confirms that Mg metal substitution into does not change the cubic 

structure of Ni0.6Zn0.4Fe2O4. The broader peaks are also observed in all samples, which 

confirm the formation of the nanosized particles of the materials under investigation. In 

comparison to Ni0.6Zn0.4Fe2O4 nanoferrite (Figure 4,2), the XRD diffraction peaks are slightly 

shifted towards the higher diffraction angles with an increase in Mg content up to  x = 0.15, 

after which it is shifted  to the lower angles with a further addition of Mg content. This is 

associated with the change in lattice parameters as well as unit cell volumes of 

Ni0.6Zn0.4Fe2O4 nanoferrites, indicating the incorporation of Mg into Ni0.6Zn0.4Fe2O4 lattice. 



MSc. Thesis Page 25 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.1.  XRD patterns for Ni0.6Zn0.4-xMgxFe2O4 nanoferrites. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2.  Shifting of the (311) XRD peaks forNi0.6Zn0.4-xMgxFe2O4 nanoferrites. 
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In order to investigate the effect of Mg cation substitution for Zn cation on the structural 

parameters of Ni0.6Zn0.4-xMgxFe2O4 ferrite nanoparticles, the lattice parameters as well as 

the corresponding unite cell volumes were calculated by using Equations 3.2 and 3.3, 

respectively. The crystal sizes of all samples were also calculated using Debye-Scherer‘s 

method from (hkl) value of (311) using Equation 3.4. The obtained results are summarized in 

Table 4.1. It is observed that the lattice parameters and the unit cell volumes of Ni0.6Zn0.4-

xMgxFe2O4 decreased with an increase in Mg content up to  x = 0.15, after which it is 

increased with a further addition of Mg content (x = 0.2). The decreased in the lattice 

constants and unit cell volume is related to the size of the lower ionic radius of Mg
2+

 (0.72 Å) 

[48] than Zn
2+

 (0.84 Å) [49]. However, for spinel Ni0.6Zn0.4-xMgxFe2O4 with x = 0.15 shows 

an inverse trend in comparison with the LiNi0.5Co0.5PO4 sample. This may be related to the 

structural fluctuation.  As shown in Table 4.1. The crystallite sizes vary non-monotonically 

with an increase in the content of Mg into Ni0.6Zn0.4-xMgxFe2O4 ferrite nanoparticles. 

However, a significant increment of crystallite size is obtained for Ni0.6Zn0.25Mg0.15Fe2O4 

sample.  

Table 4.1. Structural parameters for Ni0.6Zn0.4-xMgxFe2O4 nanoferrites. 

 

 

 

 .   

Mg content 

(x) 

d-spacing 

for (400) 

(Å) 

2  value 

for (311) 

(degree) 

FWHM  

for (311) 

(degree) 

Lattice 

Constant   

from (311) 

(Å)  

Unite Cell 

Volume 

V (Å)
3
 

Crystal 

Size from 

(311) 

D(nm) 

0.0 2.08964 35.5849 0.20690 8.3586 583.98 59.4 

0.1 2.08871 35.6102 0.25450 8.3548 582.56 58.0 

0.15 2.08692 35.6513 0.21350 8.3477 581.70 71.5 

0.2 2.10006 35.4135 0.40250 8.4002 592.75 47.5 
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4.2. FE-SEM study 

The morphology and particle size distribution are the most important parameters that have a 

marked influence on the physical properties of ferrite materials.  Figure 4.2 shows the FE-

SEM micrographs of the synthesized Ni0.6Zn0.4-xMgxFe2O4 (x = 0.0, 0.1, 0.15, and 0.2) 

nanoferrite samples. All samples have nearly spherical shaped grains with some 

agglomeration. However, significant particle agglomeration is observed in 

Ni0.6Zn0.2Mg0.2Fe2O4 nanoferrite. Large sized grains (0.53μm) are also observed in 

Ni0.6Zn0.25Mg0.15Fe2O4 nanoferrite, which is in good agreement with the sizes we obtained 

from XRD study. The average grain sizes for all samples were calculated by using imageJ 

software, and they are found to be in the range between 0.27 to 0.53 μm, indicating that the 

obtained grain sizes are found to be larger than the crystallite sizes calculated from XRD 

analysis. This is confirms that grain sizes are larger than crystallite size as it contains a 

number of crystallites.  

 

Figure 4.3. FE-SEM images for Ni0.6Zn0.4-xMgxFe2O4 nanoferrites. 
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4.3. FT-IR spectroscopy study 

Figure 4.4 shows the room temperature FT-IR spectroscopy analysis of Ni0.6Zn0.4-xMgxFe2O4 

(x = 0.0, 0.1, 0.15, and 0.2) ferrite nanoparticles in the form of powder synthesized by sol-gel 

combustion method. The obtained vibrational band values are summarized in Table 4.2. It is 

known that in spinel cubic based ferrite materials, two distinct absorption metal-oxygen 

bands are formed in the FT-IR spectra. One is at around a wavelength of 600 cm
-1

 and the 

other is at around 400 cm
-1

. The frequency band at 600 cm
-1

 is caused by the stretching 

vibration of the metal-oxygen bands in the tetrahedral sites, while the one at around 400 cm
-1 

is caused by the stretching vibration of oxygen-metal ions in the octahedral sites [50, 51].   

In this study, all samples exhibit different absorption spectral in between 596.2 cm
–1

 and 

429.7 cm
–1

. The bands observed at around 600 cm
-1

 are attributed to metal-oxygen the 

intermolecular vibrations of the MO4 (M = metal) molecules in the tetrahedral sites [52]. 

While, the bands observed at around 400 cm
-1

 are attributed to the asymmetric stretching 

modes of MO6 (M = metal) in the octahedral sites [53]. The formations of bands also verify 

the formation of spinel phase ferrites.  

          

Figure 4.4. FT-IR spectra for Ni0.6Zn0.4-xMgxFe2O4 nanoferrites. 
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In comparison with the Ni0.6Zn0.4Fe2O4 sample, the peaks of Mg substituted samples with a 

concentration of x = 0.1 and x = 0.15 are shifted slightly towards a higher wavenumber 

regions. The shifting of the bands towards higher wavenumber with an increase in the 

concentration of Mg
2+

 ions is attributed to the increase in the unit cell dimensions as 

evidenced by the variation in the lattice constant. The increase in the unit cell dimensions 

affects the metal-oxygen ions, which is in agreement with the shift we observed from XRD 

results. Thus, the shift in the peak position to the higher wavenumber indicate that the 

substitution of Mg for Zn ions increase the bond strength of the metal-oxygen ions in the 

Ni0.6Zn0.3Mg0.1Fe2O4 and Ni0.6Zn0.25Mg0.15Fe2O4 lattices. It is also in good agreement with 

their lower lattice parameter and unit cell volume of calculated from the obtained XRD 

pattern. For Ni0.6Zn0.2Mg0.2Fe2O4 sample, the two bands are shifted to the lower wavelength 

to that of Ni0.6Zn0.4Fe2O4 sample. This is also related to the size of its unit cell volume. As 

shown in the Table 4.2 and Figure 4.4, significant change in the positions of bands is 

observed in the tetrahedral sites, suggesting that the substituted Mg cations are largely 

incorporated to these sites in the Ni0.6Zn0.25Mg0.15Fe2O4 lattices.  

Table 4.2. Tetrahedral (ʋ1) and Octahedral (ʋ2) absorption bands of Ni0.6Zn0.4-xMgxFe2O4 

nanoferrites. 

Mg content 

(x) 

ʋ1 

(cm
-1

) 

ʋ2 

(cm
-1

) 

0.0 591.3 441.8 

0.1 593.5 453.2 

0.15 596.2 476.7 

0.2 578.6 427.2 

 

4.4. Optical property study 

UV-Vis spectra analysis has been widely used to investigate the optical properties of spinel 

ferrite nanoparticles. Different studies reported that as the particle size of crystals decreases, 

the absorption edge shifts to shorter wavelength, due to the band gap increase of the smaller 

particles [49]. In this study, the optical properties of the Ni0.6Zn0.4-xMgxFe2O4 (x = 0.0, 0.1, 

0.15, and 0.2) nanoferrite was investigated by UV-Vis absorption spectrum recorded in the 

range of 300-800 nm. 
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Figure 4.5 shows the UV-Vis absorption spectra of the synthesized ferrite nanoparticles. As 

shown in the figure, all the synthesized samples have low absorbance in visible region and 

high absorbance in ultraviolent region. This indicates that Ni0.6Zn0.4-xMgxFe2O4 (x = 0.0, 0.1, 

0.15, and 0.2) ferrite nanoparticles are optically activated under ultraviolent light region. The 

strong absorption peaks in the ultraviolet regions of wavelength implies that there exists a 

strong electronic excitation from the valance band to conduction band in all samples mainly 

due to ultraviolet light radiation. Different slopes are also seen at a different wavelength, 

which may be related to different electron transitions between cations and oxygen ions in the 

Ni0.6Zn0.4-xMgxFe2O4 lattice. The absorption band further decrease gradually as the 

wavelength increases. Moreover, the position of the absorption bands are related to the 

crystallite sizes of the Ni0.6Zn0.4-xMgxFe2O4 (x = 0.0, 0.1, 0.15, and 0.2) ferrite nanoparticles.  

 

Figure 4.5. UV–Vis absorbance spectra for Ni0.6Zn0.4-xMgxFe2O4 nanoferrites. 

The optical energy band gap for Ni0.6Zn0.4-xMgxFe2O4 (x = 0.0, 0.1, 0.15, and 0.2) 

nanoferrites were estimated by using Tauc‘s relation (Equation 4.5). To obtain the optical 

band gap of all samples, the graph of (αhυ)
1/2

 versus hυ was plotted, and the plot is shown in 

Figure 4.5. The intercept of the line at α = 0 gives the value of optical band gap energy of all 

samples.  
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The optical band gap energies of Ni0.6Zn0.4-xMgxFe2O4 ferrite nanoparticles with x = 0.0, 0.1, 

0.15, and 0.2 are found to be 1.77, 1.79, 1.7, and 1.83 eV, respectively, which are in a good 

agreement with the reported values [54]. It has been reported that the optical band gap of 

materials is affected by different factors, such as crystallite size, lattice parameter, and 

presence of impurities [54]. In this study, the variation in the optical band gap observed in all 

samples is related with the crystallite sizes of samples. A sample which has the largest 

crystallite size (Ni0.6Zn0.4-xMgxFe2O4 = 71.5 nm) possessed the lowest band gap energy (1.7 

eV), while a sample which has the lowest crystallite size (Ni0.6Zn0.4-xMgxFe2O4 = 47.5 nm) 

delivered the largest band gap energy (1.83 eV) [49].  Moreover, the obtained values of the 

band gaps energy indicate all the synthesized samples have a semiconductor behavior due to 

the obtained band gaps are found to be in the range of the band gap of semiconductor 

materials (1 to 4 eV).  

 

 

 

 

 

 

 

 

 

 

Figure 4.6. Tauc plot for Ni0.6Zn0.4-xMgxFe2O4 nanoferrites. 
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4.5. Magnetic properties study 

The room temperature magnetic properties of Ni0.6Zn0.4-xMgxFe2O4 (x = 0.0, 0.1, 0.15, and 

0.2) nanoferrites were characterized by using vibrating sample magnetometer with an applied 

magnetic field between -10,000 and 10,000 Oe.  

The obtained magnetic hysteresis curves of all samples are shown in Figure 4.6. From the 

magnetic hysteresis loops, different magnetic parameters, like saturation magnetization (Ms), 

remnant magnetization (Mr) and coercivity (Hc), and squareness ratio (Mr/Ms) of the 

samples can be determined. The evaluated magnetic parameters are recorded in Table 4.3.  

As it is observed from the figure, all the synthesized ferrite materials display soft 

magnetization behavior and normal s-shaped narrow hysteresis loops which confirmed the 

formation of spinel ferrites. The magnetic behavior of all samples is originated from the 

magnetic moment of anti-parallel spins between Fe
3+

 and Ni
2+ 

at the tetrahedral and 

octahedral sites. Because, Mg and Zn ions are nonmagnetic in nature. Among all samples, 

Ni0.6Zn0.4Fe2O4 delivers a narrower hysteresis loop, indicating that the material can be easily 

demagnetized. This is associated to Zn
2+ 

has no unpaired electrons and behaves as 

paramagnetic as a result the super exchange interaction is low. However, the magnetization 

curve of the Mg cations substituted samples show a strong ferromagnetic behavior. 

It is clear that the magnetic behaviors in spinel ferrites are significantly influenced by 

numerous factors such as the variations in the magnetic moments, variation in the crystallites 

size, variations in the concentration and nature of ions in tetrahedral (A) and octahedral (B) 

sites and synthesis method [55].  The magnetization of the ferrites is derived from the Fe
3+ 

ions and is principally governed by their distributions in the crystal lattice sites. Besides, it is 

well known that the A–A and B–B interactions are very weak however the A–B exchange 

interaction is predominant over them [55].  

It is observed that, the saturation magnetization found to decrease with Mg concentration into 

Ni0.6Zn0.4-xMgxFe2O4 (x = 0.0, 0.1, 0.15, and 0.2) ferrite nanoparticles. The decrease of the 

saturation magnetization with an increase in  Mg concentration may be due to the misbalance 

of Fe
3+

 ions in octahedral and tetrahedral sites, and super exchange interactions conducted in 

the  Ni0.6Zn0.4-xMgxFe2O4 ( x = 0.0, 0.1, 0.15, and 0.2) ferrite nanoparticles. It is also 

observed that the magnetic properties such as remnant magnetization and squareness ratio of 

Mg substituted samples is greater than to that of Ni0.6Zn0.4Fe2O4, sample.   
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This indicates that there is an increase in the ferromagnetic behavior for Ni0.6Zn0.4-xMgxFe2O4 

samples due to the substitution of Mg cations.  

      

Figure 4.7. Hysteresis curves for Ni0.6Zn0.4-xMgxFe2O4 nanoferrites. 

The variation in coercivity with Mg content is clearly observed in the magnified view of the 

hysteresis curves in Figure 4.7. It is found that the coercivity of Mg substituted samples is 

greater than to that of Ni0.6Zn0.4Fe2O4, sample.  This also indicates that there is an increase in 

the ferromagnetic behavior for Ni0.6Zn0.4-xMgxFe2O4 samples due to the substitution of Mg 

cations. In general, the observed ferromagnetism in Mg substituted samples could be due to 

super exchange interaction between cations at tetrahedral and octahedral sites. This means 

that substitution of magnetic ion such as Mg results in the improvement in the exchange 

interaction between tetrahedral and octahedral sites, which results in the strengthening of A-

B interaction in ferrites samples.  
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Figure 4.8: The magnified view of hysteresis loops of Ni0.6Zn0.4-xMgxFe2O4 nanoferrites. 

As shown in Table 4.4, The squareness ratio (Mr/Ms) values of all samples were found to be 

less than 0.5, indicating the formation of multi-domain grains. This means that all samples 

contain a multi-domain structure constituted by regions of uniform magnetization separated 

by domain walls [56].  
 

Table 4.3: Saturation magnetization (Ms), remanent magnetization (Mr), coercivity (Hc), and 

squareness ratio (Mr/Ms) of all samples. 

 

 

 

Mg content 

(x) 

Ms 

(amu/g) 

Mr 

(amu/g) 

Hc 

(Oe) 
Mr/Ms 

0.0 66.5 1.8 25.6 0.03 

0.1 58.7 5.0 141.8 0.09 

0.15 53.4 6.4 140.6 0.12 

0.2 46.8 4.0 116.3 0.09 
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CHAPTER FIVE 

CONCLUSION AND RECOMMENDATION 

5.1. Conclusion 

In this research, Ni0.6Zn0.4-xMgxFe2O4 nanoferrites were synthesized by using sol-gel 

combustion method using Nickel nitrate, Zink nitrate, Magnesium nitrate and ferric nitrate 

precursors.  Citric acid was also used as a fuel and chelating agent during the synthesis 

process. The structural, optical and magnetic properties of these materials were conducted 

using XRD, FE-SEM, FT-IR spectroscopy, UV-Vis spectroscopy and Vibrating sample 

magnetometer.  

The XRD and FT-IR analysis study confirmed the formation of single-phase cubic spinel 

structured materials. From the XRD analysis, it was identified that slight changes in the 

lattice constant, unit cell volume, and crystallite size were observed due to the substitution of 

Mg into Ni0.6Zn0.4-xMgxFe2O4 ferrite nanoparticles. It was identified that the lattice 

parameters and the unit cell volumes of  the synthesized samples decreased with an increase 

in Mg content up to  x = 0.15, after which it was increased with a further addition of Mg 

content (x = 0.2). The crystallite sizes varied non-monotonically with an increase in the 

content of Mg into Ni0.6Zn0.4-xMgxFe2O4 ferrite nanoparticles, and they were found between 

47.5 and 71.5 nm, indicating that all the synthesized materials possessed a nanocrystalline 

structure. The FE-SEM micrographs confirmed that all samples have porous structure and 

nearly spherical shaped grains with some agglomeration.  From FT-IR measurements, two 

strong absorption bands were identified in the IR spectra of all samples.  The higher 

frequency bands υ1 which appeared between 583.0 and 596.2 cm
-1

 are assigned to the 

stretching vibration of the metal-oxygen ions in the tetrahedral sites. While the lower 

frequency bands υ2 which appeared between 429.7 and 476.7 cm
-1

 are assigned to the 

stretching vibration of the metal-oxygen ions in the octahedral sites. 

From the optical property study, it was identified that all the synthesized samples are 

optically activated under ultraviolent light. The optical band gap energies were found 

between 1.7 and 1.83 eV,Ni0.6Zn0.2Mg2Fe2O4  sample possessed the highest band gap energy 

(1.83 eV) associated with its lowest crystallite size (47.5 nm). The magnetic property study 

confirmed the soft magnetization behavior of the synthesized samples at room temperature. 
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The saturation magnetization was reduced from66.5 to 46.8 emu/g when the content of 

Mg
 
ions increased from x = 0.15 to x = 0.2 in Ni0.6Zn0.4-xMgxFe2O4 compound.  

The loop squareness ratio (Mr/Ms) of all samples were found to be less than 0.5, indicating 

that Ni0.6Zn0.4-xMgxFe2O4 ( x = 0.0, 0.1, 0.15, and 0.2) nanoferrites may be used for cores and 

coils with low inductance applications.  

5.2. Recommendation 
In this study, attempts were made to investigate the structure, optical, and magnetic 

properties of Ni0.6Zn0.4-xMgxFe2O4 (x = 0.0, 0.1, 0.15, and 0.2) nanoferrites prepared by the 

sol-gel combustion method. Based on the findings of this work, the following issues are 

forwarded as recommendation:  

1. Sol-gel combustion synthesis is an effective method to produce Ni0.6Zn0.4-xMgxFe2O4 (x 

= 0.0, 0.1, 0.15, and 0.2) nanoferrites using Ni(NO3)2.6H2O), Zn(NO3)2.6H2O, 

Mg(NO3)2.6H2O, Fe (NO3)3.9H2O and C6H8O7.H2O precursors. The amount of 

calcination temperature (950
O
C) and calcination time (10 hours) are compatible for 

producing Ni0.6Zn0.4-xMgxFe2O4 (x = 0.0, 0.1, 0.15, and 0.2) nanoferrites. 

 

2. Ni0.6Zn0.4-xMgxFe2O4 (x = 0.0, 0.1, 0.15, and 0.2) nanoferrites were optically activated 

under ultraviolent light. Thus, the synthesized samples may be used as ultraviolent 

radiation sensor.  

 

3. The loop squareness ratio (Mr/Ms) of all samples were found in the range between 0.03 

and 0.12, indicating that Ni0.6Zn0.4-xMgxFe2O4 (x = 0.0, 0.1, 0.15, and 0.2) ferrite 

nanoparticles may be used for cores and coils with low inductance applications.  

 

4. In this study, the electrical and dielectric properties of the synthesized samples were not 

investigated. Therefore, this has to be considered in future study for additional 

understanding and giving tangible conclusion on the investigated samples.  
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