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ABSTRACT 

Spinel ferrites are one of important magnetic materials which are considered to be the foundation 

of various technological industries. Among different spinel ferrites the Magnesium-Zinc spinel 

ferrite is considered important due to its remarkable magnetic and electrical properties. But in 

Magnesium-Zinc ferrite the presence of diamagnetic zinc and magnesium metal ions reduce the 

magnitude of A-B super-exchange interaction and diminishes magnetic behaviour. In the present 

work, the diamagnetic zinc ions have been replaced with transition metal ions (Co
2+

, Ni
2+ 

and 

Mn
2+

) to enhance the magnetic behavior of magnesium-zinc ferrite. The transition metal doped 

magnesium-zinc ferrites synthesized using co-precipitation route have been investigated for 

structural, morphological, elemental and magnetic properties. The brief description of thesis 

which has been divided into six chapters is given below: 

Chapter 1 includes the history of ferrites and various spinel ferrite systems. The role of transition 

metal doping, some general applications of spinel ferrites and the motive of the present work has 

been given.  

Chapter 2 describes the commonly used synthesis methods for the synthesis of ferrite 

nanoparticles. The complete reaction mechanism utilized for the synthesis of transition metal 

doped magnesium-zinc ferrites have been described in detail. The characterization techniques 

used for the analysis of various physical properties of prepared samples are described.  

Chapter 3 describes the structural, morphological and elemental properties of transition metal 

doped Magnesium-Zinc ferrites. Several structural parameters have been calculated for prepared 

samples using the XRD data. The values of atomic % of cations and anions have also been listed. 

Chapter 4 includes the proposed cation distribution for transition metal doped Magnesium-Zinc 

ferrites. Various structural parameters calculated with the help of proposed cation distribution 

have been correlated with the obtained XRD results.  

Chapter 5 describes the variation in magnetic properties of Magnesium-Zinc ferrites on transition 

metal ion doping. The nature of magnetic exchange interactions investigated with the help of 

proposed cation distribution and Yafet –Kittel model have been included. 

Chapter 6 summarizes the present work. The future scope of the present work has also been 

given. 
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Magnetism and magnetic materials have a long and fascinating history. In ancient times, Magnes 

who lived in Magnesia near Greece mount discovered loadstone. Loadstone is a naturally 

occurring magnetic material. In middle Ages, Chinese travelers used suspended loadstone as a 

compass needle for navigation purpose. In 1088, Shen Kuo described the use of magnetic 

compass needle and the first documented use of compass needle was reported by Zheng He. In 

modern history, English scientist William Gilbert confirmed observations regarding magnetic 

poles and conclude that earth is like a magnet. After that magnetism and magnetic materials have 

been explored by many scientists and research groups across the globe. Several theories have 

been published by various researchers explaining the magnetic behavior of magnetic materials. 

Currently magnetism and magnetic materials are playing a crucial role in making human life 

easy. Magnetic materials are an integral part of most of the technologically important devices. 

There are different types of magnetic materials present but, among all of them, ferrite are 

considered to be one of the most important type of magnetic material. It is because there are no 

other magnetic metal oxides equivalent to them in terms of their magnetic and electrical 

properties. Snoek in 1936 laid the foundation of physics and technology of ferrites resulting in the 

establishment of a new technological industry. Ferrites are utilized in broad range of applications 

ranging from electronic materials to biomedical sciences. 

1.1  History of ferrites  

The ceramic ferromagnetic materials which are mainly composed of ferric oxide are known as 

ferrites. The magnetite or the ferrous ferrite (Fe3O4) is an example of naturally occurring ferrite 

[1]. The magnetite was found in magnesia district located in the Asia Minor and therefore, named 

magnetite.  In 1909 Hilpert tried to improvise the magnetic properties of ferrites and successfully 

prepared several ferrites such as manganese, copper, cobalt, copper and zinc ferrite [2].  In 1928 

Forestier prepared various ferrites by precipitation and heat treatment technique and measured 

their saturation magnetization and curie temperature [3]. Japanese researcher Kato and Takei 

have studied these magnetic materials exhaustively from 1932 to 1933 [4, 5]. In 1932 Japanese 

researchers’ Kato and Takei discovered that the solid solution of magnetite and cobalt ferrite was 

strongly magnetized at room temperature and have large number of practical applications. They 

prepared permanent magnet having a coercive force of about 600 Oe [5]. But the role of ferrites 

in modern technology started with the work of Snoek in 1933 [6]. Vermey, Heilalan and some 
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other researchers from Philip’s research laboratory have also contributed a lot in the development 

of ferrites for their technological applications [7]. The large scale production of televisions in 

1950’s was the major reason for the rise of ferrite industry, especially in America and Europe. 

Ferrites have been used as a special transformer in television sets [8]. Thereafter various ferrites 

have been synthesized and have been found useful in high frequency applications, permanent 

magnets and some other fields. 

To explain the magnetic behavior of ferrites, some theories have been reported. In this respect the 

Neel’s and Kramer’s theory throw a great insight on the magnetic behavior of ferrites [8, 9]. The 

fundamental interaction among the magnetic ions mediated with the help of oxygen atoms was 

explained by Anderson [9] This type of interaction among the magnetic ions is recognized as A-B 

super-exchange interaction. The work by Vermey and Heilalan dealing with the metal cations 

distribution in crystallographic lattice sites provides a significant help in understanding the 

physics and chemistry of ferrites [10]. During 1940 to 1950 the use of ferrites was mainly focused 

on radio and microwave frequency applications. From 1950 onwards ferrites have been utilized in 

several consumer goods of technological importance [11].  

 

1.2  Ferrites  

Ferrites are the mixed metal oxides (M-Fe) containing ferric oxide as a major component. Ferrites 

are usually non-conducting oxides, which are derived from iron oxides such as naturally 

occurring magnetite (Fe3O4) or hematite (Fe2O3) [12]. In anti-ferromagnetic materials the 

magnitude of magnetic moment on the two crystallographic lattice sites which are opposite to 

each other are equal which results in net cancellation of magnetic moment. But, in case of ferrites 

the magnetic moment on crystallographic lattice sites which are opposite to each other is not 

equal in magnitude so complete cancelation of magnetic moment is not possible like anti-

ferromagnetic materials. This type of magnetic behaviour is called ferrimagnetism or 

uncompenstated anti-ferromagnetism. This is because of the presence of different concentration 

of ions of magnetic element at the two different crystallographic lattice sites which are anti 

parallel to each other [13]. Ferrites have excellent magnetic and electrical properties, which make 

them industrially and technologically an important magnetic material [14]. High magnetic 

permeability, soft magnetic nature, chemical and thermal stability and high electrical resistivity 
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which prevent loss of energy at high frequency applications are some of the important physical 

properties of ferrites [15]. These properties of ferrites make them potential candidate in some 

useful applications such as high density information storage, recording heads, microwave 

devices, telecommunication systems, transformer cores, antenna rods, ferrite electrodes, magnetic 

toner for copiers, electromagnetic wave absorption, choke coils, switched power supplies, ferro-

fluids, magnetically guided drug delivery, hyperthermia and gas sensors etc. [10, 16-18]. Ferrites 

have different types, which can be distinguished from each other on account of their magnetic 

behavior and crystal structure. The classification of ferrites on the basis of their magnetic 

behaviour and crystal structure has been discussed in detail in next section. 

 

1.3  Classification of ferrites  

1.3.1 Magnetic behavior (Soft and Hard ferrites) 

Ferrites can be classified as Hard and Soft type of ferrites on the account of their magnetic 

behaviour. The magnetic materials which have large value of Ms the saturation magnetization and 

low value of Hc the coercivity (Hc < 10A/cm) are known as soft ferrites [19]. Figure 1 (a) shows 

the hysteresis loop for soft ferrites. Their strength to retain magnetization is very low, so they can 

be easily magnetized as well as demagnetized. Soft ferrites have low magnetic losses at high 

applied frequencies [20]. Soft ferrites show application in wide range of applications such as in ac 

motors, generators, transformer cores, recording equipments and telecommunication systems etc. 

[20]. In soft ferrites the magnetic behavior is due the interaction between magnetic metal ions 

situated at two different crystallographic lattice sites. Nickel, Zinc, Manganese, Magnesium and 

Copper ferrite etc. are the examples of soft ferrites [21].  

On the other hand the magnetic materials having large value of coercivity (Hc >300 A/cm) and 

low value of saturation magnetization are regarded as hard ferrites. Their strength to retain 

magnetization is very high as compare to soft ferrites, so it’s not easy to demagnetize them [20]. 

Figure 1 (b) shows the hysteresis loop for hard ferrites.  

Hard ferrites are made in isotropic and oriented form. The isotropic hard ferrite is firstly formed 

in preferred shape, sintered and then magnetized. They mostly find  application in cycle dynamos 

and ring magnets.  On the other hand the oriented type hard ferrite is firstly formed into desired 

shape under the influence of strong magnetic field and then sintered. They find application in 
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loudspeakers and magnets of automobiles [21]. Most of the permanent magnets belong to 

oriented type of hard ferrites. Barium and strontium ferrites are the examples of hard ferrite [21].  

 

Figure 1.1: Hysteresis loop (a) soft ferrites & (b) hard ferrites 

 

1.3.2 Crystal structure  

On the basis of crystal structure, the ferrites can be divided into three different categories as 

spinel ferrite, hexagonal ferrite and rare earth garnet ferrite. 

 

1.3.2.1 Spinel ferrite 

Ferrites crystallizes in the form of spinel structure, the name spinel associated with ferrites is 

because of the similarity of the structural formula (MFe2O4) of ferrites with Mg Al2O4, which is 

known as spinel [13], where M refers to metal ions. The spinel structure belongs to Fd3m space 

group. The spinel structure can be described as face centered cubically closed pack arrangement 
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of 32 oxygen anions which forms the unit cell. Figure 1.2 shows the crystal structure of spinel 

ferrite [22]. 

 

Figure 1.2: Crystal structure of spinel ferrite 

The arrangement of these 32 oxygen anions in the unit cell leaves two kinds of crystallographic 

lattice sites in the unit cell. These lattice sites are known as tetrahedral (A) and octahedral (B) 

sites [22]. The tetrahedral sites have coordination with four oxygen anions and octahedral sites 

have coordination with six oxygen anions. In spinel structure, the unit cell which is made up of 

32 oxygen anions has 64 A and 32 B sites.  The net positive charge will become more in 

comparison to net negative charge when all the crystallographic lattice sites have been filled with 

2
+ 

or 3
+
 metal ions and this will destroy the electrical neutrality of unit cell. So there are only 

eight A sites and sixteen B sites in a unit cell of spinel ferrite which are filled with 2
+
 or 3

+
 



“Introduction”                                                                                                        

 

8 
 

valency metal ions so that the unit cell remains electrically neutral [13]. Nickel, zinc, magnesium, 

manganese, lithium and cobalt ferrites are common examples of spinel ferrite.   

1.3.2.2 Hexagonal ferrite  

The hexagonal ferrite is known as magnetoplumbite. The mineral magnetoplumbite was 

discovered in 1925 and in 1938 the crystal structure of magnetoplumbite was found to be 

hexagonal [23]. The c axis is the major preferred axis in hexagonal structured ferrite, and a axis is 

the minor axis. The length of c and a axis is termed as c and a lattice parameter respectively. 

These two lattice parameters are required to give the dimensions of a hexagonal crystal [13]. 

Figure 1.3 shows hexagonal crystal with two of its lattice parameters [23].  

 

              Figure 1.3: Hexagonal crystal with its lattice parameter a and c 

The chemical formula for hexagonal ferrites is M Fe12O19, where M can be barium, strontium or 

lead. In hexagonal ferrites the oxygen anions show close packing similar to the spinel structure 
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where some layers of oxygen exist that can accommodate the divalent metal ions of barium, 

strontium or lead. The ionic radii of barium, strontium or lead are comparable to oxygen anions, 

so they can replace oxygen anions in the crystal lattice [23]. Several workers at Philips Research 

Laboratories discovered large number of compounds having hexagonal structure [13]. These 

compounds were prepared by mixing magnetoplumbite with other spinel compounds in different 

stoichiometric ratios. There are different types of hexagonal ferrites designated as M, W, X, Z, Y 

and U ferrites. The hexagonal ferrites have found application in data storage, microwave devices, 

electromagnetic wave absorption, actuators, sensors, motors, generators, electronic components 

for mobile and wireless communication and stealth technology   [23]. 

 

1.3.2.3 Rare earth garnet ferrite  

In 1956 Bertaut and Forrat discovered Garnet ferrite and after one year Geller and Gilleo (1957) 

also invented these garnet ferrites. Geller & Gilleo (1957) have explained the crystal structure of 

garnet ferrites [13]. Rare earth garnet ferrites crystallize in the 12-sided structure or dodecahedral, 

resemble to the mineral garnet. Garnet structure is similar to spinel structure except the presence 

of dodecahedral lattice sites [24]. The rare earth garnets have general formula M3Fe5O12, where 

yttrium (Y) is represented by M is or some other rare earth ion. Although Y is not a element 

belonging to rare earth but it shows behaviour like rare earth. Hence it is placed in the family of 

rare earth garnets [25]. In garnet ferrites all the meal ions are trivalent in nature. The three 

different lattice sites in garnet ferrites are octahedral, tetrahedral and dodecahedral. The 

octahedral, tetrahedral and dodecahedral sites occupy 16 Fe
3+

, 24 Fe
3+

 and 24 M
3+

 ions 

respectively [25]. In garnet ferrite, every tetrahedron is interconnected with four octahedrons and 

every octahedron is connected with six tetrahedrons. The shared corners in this type of structure 

are distorted and form a series of dodecahedrons. These dodecahedrons sites provide space for 

rare earth metal cations [26]. The rare earth metal cations align them in a direction opposite to 

metal cations present at tetrahedral sites and contribute to the magnetization of sublattice. Rare 

earth garnet ferrites are suitable in several applications such as isolators, circulators, high 

frequency microwave devices, optical isolator, fiber communication and magnetic recording 

media etc [27]. Y3Fe5O12, Sm3Fe5O12, Eu3Fe5O12, Tb3Fe5O12, and Lu3Fe5O12 are the common 

examples of rare earth garnet ferrites [13].  
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1.3.3 Types of spinel ferrites 

Spinel ferrites exist in three different types which are normal spinel, inverse spinel and mixed 

spinel. The type in which spinel ferrite crystallizes is dictated by the distribution of metal cations 

in A and B crystallographic lattice sites. The various types of spinel ferrite are discussed in detail 

in the following section. 

 

1.3.3.1  Normal spinel  

The spinel structure is said to be normal spinel when divalent metal ions (M
2+)

 prefer to occupy 

tetrahedral (A) sites. The structural formula for normal spinel ferrite is [M
2+

]A [Fe
3+

]BO4
2-

 [20].  

The preference of metal ions to occupy lattice site depends on ionic radii of metal ions, 

temperature, size of lattice sites and orbital preference [13]. Zinc and cadmium ferrite are the 

examples of normal spinel ferrite [28]. In case of zinc and cadmium ferrite, the electronic 

configuration of Zn
2+

 and Cd
2+

 is favorable for tetrahedral bonding to oxygen anions, so they 

prefer to occupy tetrahedral lattice sites. 

 

1.3.3.2 Inverse spinel  

The spinel structure is said to be inverse spinel when all the divalent metal ions (M
2+

)  occupy A 

sites and trivalent (Fe
3+

) metal ions  get equally distributed among A and B sites. Barth and 

Posnak discovered that the trivalent metal cations preferred the A sites and occupied them first 

[13].  The structural formula for inverse spinel ferrite is [Fe
3+

]A [M
2+

Fe
3+

]B O4
2-

 [20]. Nickel and 

cobalt ferrite are the most common examples of inverse spinel ferrite [29-30]. Most of the 

commercially important ferrites are inverse spinels. 

 

1.3.3.3 Mixed spinel  

The divalent and trivalent metal cations in mixed spinel structure get positioned at both the 

tetrahedral and octahedral lattice sites [20]. For mixed spinel ferrites, the structural formula is 

[M1-' 
2+

 Fe'
3+

]A [' 
+

Fe2-'
3+

]B O4
2-

, where 'is the degree of inversion [31]. Magnesium-

Zinc, Manganese-Zinc, Nickel-Zinc and Cobalt-Zinc ferrites belong to family of mixed spinel 

ferrites. 
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1.4  Some important spinel ferrites 

1.4.1 Zinc ferrite  

Zinc ferrite has a crystal structure of normal spinel ferrite, in which all divalent zinc metal ions 

are positioned at A lattice sites and trivalent iron metal ions take position at B lattice sites. Zinc 

ferrite shows anti-ferromagnetic order and zero magnetization below 10 K [32]. In ferrites the 

magnetic ordering is controlled by A-B, B-B and A-A magnetic exchange interactions [32]. In 

Zinc ferrites, the A-B exchange interaction is not present on account of the presence of non-

magnetic Zn
2+

 metal cations at A lattice sites. The presence of Fe
3+

 ions at B lattice sites creates 

the intra site B-B exchange interaction which is responsible for anti-ferromagnetic ordering in 

Zinc ferrite. But, in nano-crystalline form the Zinc ferrite nanoparticles have shown ferrimagnetic 

behaviour due to distribution of some of non-magnetic zinc ions in octahedral lattice sites. Carta 

et al. have reported the distribution of divalent zinc ions in octahedral sites for nano-crystalline 

Zinc ferrite [33]. The presence of zinc ions in octahedral lattice sites have been confirmed using 

X-ray absorption spectroscopy [33]. The transfer of non-magnetic zinc ions from sites A to B 

pushes some of magnetic trivalent ions from sites B to A, which enhances the A-B exchange 

interaction leading to ferrimagnetism in zinc ferrites. Tanaka et al. have reported large 

magnetization of 32 emu/gm for zinc ferrite thin films which indicate the presence of 

ferrimagnetic behaviour [34]. 

Zinc ferrite nano-particles exhibit anomalous properties such as soft magnetic nature, spin glass 

state, super-paramagnetic behaviour at room temperature, low dielectric losses, low toxicity, 

photocatalytic activity etc. [35, 36]. The interesting properties of zinc ferrite nanoparticles show 

that they are useful in different applications such as information storage, supercapacitor, high 

frequency devices, electronic and communication devices, MRI contrast agents, magnetic 

hyperthermia, degradation of toxic dyes and gas sensing [35-37]. The low toxicity of zinc ferrite 

nanoparticles make them more promising magnetic resonance imaging agent in comparison to 

other biocompatible magnetic resonance imaging agents [36]. There are several methods 

available for the synthesis of zinc ferrites such as microwave assisted combustion, electrophoretic 

deposition, sol gel, hydrolysis etc. [32, 33, 35, 36]. 
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1.4.2 Lithium Ferrite  

The exclusive magnetic and electrical properties of lithium ferrite make it an important spinel 

ferrite. Lithium ferrite generally crystallizes into ordered and disordered ferrite. Ordered lithium 

ferrite is α-LiFe5O8 in which A lattice sites are only filled by trivalent iron ions and remaining 

iron and lithium ions occupy B lattice sites. It is also known as α phase lithium ferrite. In 

disordered lithium ferrite the lithium ions are randomly distributed over B lattice sites. The 

disordered lithium ferrite is also called as β lithium ferrite. Lithium ferrite also exists in γ phase 

but mainly crystallizes into α and β phases [38].   

Lithium ferrite has large saturation magnetization, high curie temperature and high electrical 

resistivity. Lithium ferrite has been regarded as an important candidate for microwave devices, 

antennas, read and write heads for high disk digital tapes, cathode material for lithium ion 

batteries, ferro fluid, gas sensing etc. [38-40]. There are numerous methods alike solution 

combustion, sol-gel, co-precipitation, hydrothermal, mechanical alloying etc. available for the 

preparation of lithium ferrite nanoparticles [38, 40].  

 

1.4.3 Nickel ferrite  

Nickel ferrite is a soft ferrimagnetic material and has inverse spinel structure. In nickel ferrite, all 

the divalent nickel ions are situated at B lattice sites and trivalent iron ions occupy both 

tetrahedral and octahedral lattice sites [22]. But, in few studies, it has been reported that on 

reducing the grain size to few nano-meters the nickel ferrite becomes mixed spinel ferrite. 

Chinnasamy et al. have reported mixed type of spinel structure for NiFe2O4 on reducing the grain 

size to few nano-meters [41]. 

Nickel ferrite is very important for technological industry due to its notable properties such   as 

high saturation magnetization, soft magnetic character, high permeability, high electrical 

resistivity, mechanical hardness, chemical stability, low eddy current losses and cost 

effectiveness [42, 43]. Nickel ferrites have been widely used in various technologically important 

applications such information storage, inductors cores, magnetic heads, antenna rods, contrast 

agent in MRI applications, magnetic refrigeration, anti-bacterial activities and hyperthermia [44-

46]. Bae et al. have observed the nickel ferrites to witness high biocompatibility and appropriate 

magnetic characteristics required for hyperthermia applications [45]. Golkhatmi et al. have 

observed the nickel ferrite nanoparticles to show good antibacterial activity against gram-negative 
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pseudomonas syringae, gram-positive bacillus subtilis and phytopathogenic fungi [46]. There are 

number of synthesis techniques available to prepare NiFe2O4 nanoparticles such as chemical 

vapor deposition, thermal decomposition, sol gel, co-precipitation, laser ablation, hydrothermal, 

ultrasound irradiation, etc. [45, 46].  

1.4.4 Magnesium ferrite   

Magnesium ferrite crystallizes into normal cubical spinel structure wherein A and B lattice sites 

are occupied by Mg
2+

 and Fe
3+

 metal ions respectively [13].  Magnesium ferrite is soft magnetic 

in nature. Magnesium ferrite has been regarded as a crucial ferrite material due to its interesting 

magnetic and electrical properties such as low saturation magnetization and high resistivity [47]. 

Apart from magnetic and electrical characteristics, the magnesium ferrite is highly stable, non 

toxic and cost effective [48].  

Kurian et al. reported that the magnesium ferrite nanoparticles prepared using solvothermal 

method have shown desired magnetic properties which make them useful in high density 

recording applications [49]. Maensiri et al. [50] shown that the magnesium ferrite nanostructures 

prepared using electrospinning method are beneficial in electronic and storage device 

applications. Jung et al. have reported that the magnesium ferrite based magnetic composites 

have shown potential for removal of phosphates from waste water [48]. Maehara et al. have 

shown that the magnesium ferrite has desired magnetic properties which make it suitable for 

hyperthermia applications [51]. Tang et al. have reported that the superparamagnetic magnesium 

ferrite nanoparticles can be used as effective nanoadsorbent for removal of arsenic from 

contaminated water [52].  

 

1.4.5 Cobalt ferrite   

Cobalt ferrite has inverse spinel structure in which half of  Fe
3+

 metal ions occupy A lattice  sites 

and other half of Fe
3+

 metal ions occupy B lattice sites along with Co
2+

 metal ions. Cobalt ferrite 

has gained an enormous amount of interest in recent years due to its moderate saturation 

magnetization, high magneto-crystalline anisotropy, high coercivity, good chemical stability and 

high mechanical hardness [53]. Recently, Amirthavalli et al. have reported a maximum coercivity 

of 1769.7 Oe and saturation magnetization of 69.10 emu /gm for cobalt ferrite nano-particles [54].  

The high coercivity, saturation magnetization and high chemical and physical stability make 

cobalt ferrite suitable in high density information storage, ferro-fluid technology, magnetocaloric 
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refrigeration [55, 56]. Jung et al. have described that the functionalization of cobalt ferrite with 

organic memory devices enhances memory storage [57]. Cobalt ferrite has also been found to be 

beneficial in different biomedical applications such as drug delivery, contrast agent in magnetic 

resonance imaging and hyperthermia. Dey et al. showed that the CoFe2O4 nanoparticles are 

suitable for the drug release applications using hyperthermia technique [58]. Oh et al. studied the 

CoFe2O4 nanoparticles and suggested their potential use as therapeutic agent for cancer treatment 

[59].  

 

1.4.6 Manganese  ferrite   

Manganese ferrite is a mixed type of spinel, where divalent (Mn
2+

) and trivalent (Fe
3+

) metal ions 

may occupy either A or B sites. The bulk manganese ferrites are found to be 20 % inverse spinel 

and nano manganese ferrites have been reported to have 60 % inverse spinel structure [60]. 

Manganese ferrite is known for higher saturation magnetization, high magnetic permeability, high 

curie temperature, low power losses at high frequency and good chemical stability [61]. 

Manganese ferrites are suitable for different applications such as magnetic recording devices, 

super capacitors, biosensors, ferro fluids, drug delivery, contrast enhancement agent in MRI the 

magnetic resonance imaging and hyperthermia applications [62, 63].  

The electrodes of manganese ferrite nano-particles are excellent for supercapacitor applications 

[62]. The manganese ferrite nanoparticles have shown strong antifungal and antibacterial activity 

against two gram positive and two gram negative bacteria [64]. Singh et al. have reported that the 

enhanced adsorption capacity of manganese ferrite nanoparticles towards harmful dyes make it a 

suitable material for water purification [65]. The desirable thermal properties and bio-

compatibility of manganese spinel ferrites make them beneficial for hyperthermia applications 

[66].  

 

1.4.7 Nickel-Zinc ferrite   

Nickel–Zinc ferrite is one of the most widely studied ferrite material. Nickel –Zinc ferrite has a 

mixed spinel structure where A lattice sites are filled by Zn
2+

 metal ions and B lattice sites are 

filled by Ni
2+

 metal ions. The Fe
3+

 metal ions in nickel zinc ferrite are distributed among both the 

lattice sites [67]. Nickel-Zinc nano-ferrite is mainly known for its application in high frequency 

microwave devices due its large electrical resistivity, high curie temperature, good chemical 
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stability and excellent soft magnetic characteristics [68]. Nickel-Zinc ferrites are also found to be 

practicable in different applications alike memory storage transformer cores, inductors, magneto-

optical devices, magnetic resonance imaging and catalysis [69, 70].  

The Ni0.5Zn0.5Fe2O4 ferrite based dielectric resonator antenna is suitable for wireless 

communication systems at microwave band [71]. The Nickel-Zinc ferrite synthesized by 

electrospinning technique have proven to be an excellent microwave absorber [72]. Nickel-Zinc 

ferrites have also shown application in removal of toxic dyes from aqueous solutions and gas 

sensing. The nickel-zinc ferrite can be used as an efficient adsorbent for the degradation of 

cationic and well as anionic dyes [73]. The nickel-zinc ferrites can be used for sensing of chlorine 

gas at room temperature [74]. 

 

1.4.8 Manganese-Zinc ferrite   

Manganese-Zinc ferrite crystallizes into mixed spinel structure [20]. In Manganese-Zinc ferrites 

few of the divalent Mn
2+

 metal ions occupy A lattice sites and trivalent Fe
3+

 metal have 

preference for both of the lattice sites. Manganese-Zinc ferrites are of significant interest due to 

their high value of permeability, low hysteresis loss, large saturation magnetization, high 

resistivity and low power losses [75, 76]. Magnesium-Zinc ferrites are widely utilized in various 

applications such as transformer cores, antenna rods, recording heads, magnetic sensor, high 

quality filters, radio frequency circuits, electromagnetic wave absorbers, switching devices, 

medical diagnosis, photocatalysis etc. [20, 75, 76].  

Manganese-Zinc ferrites synthesized using combustion method are suitable for high frequency 

electromagnetic device applications [76].  The Manganese-Zinc ferrites having high saturation 

magnetization and low hysteresis losses are useful in many important technical devices like 

microwave devices, magnetic recording heads, computer memory chips and transformers [77]. 

Manganese-Zinc based ferrites having high resistivity, high magnetization and low dielectric 

losses can be explored as antenna rods, radio frequency circuits, high quality filters, transformer 

cores and read and write heads for high digital tapes [78]. The manganese-zinc ferrite synthesized 

by one pot co-precipitation method show high specific capacitance and are suitable for 

supercapacitor applications [79]. Manganese-Zinc ferrites have also shown potential in 

biomedical applications. Phong et al. have shown that the manganese-zinc ferrites having high 

intrinsic losses are suitable material for hyperthermia applications [80]. 
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1.4.9 Magnesium-Zinc ferrite  

Magnesium-Zinc ferrites represent an important class of magnetic oxides. Magnesium-Zinc 

ferrite crystallizes into mixed spinel structure. The divalent Zn
2+

and Mg
2+

 metal ions preferably 

inhabit A and B lattice sites respectively, while Fe
3+

 metal ions can inhabit both A and B lattice 

sites [13]. Silva et al. have confirmed the presence of Zn
2+

, Fe
3+

 and Mg
2+

 ions in A and B lattice 

sites respectively in magnesium-zinc ferrite system using Raman spectroscopy [81].  

Magnesium-Zinc ferrites are extremely important to technological industry because of their 

interesting magnetic and electrical properties. Magnesium-zinc ferrites have soft magnetic 

character, high permeability, high saturation magnetization, high electrical resistivity, high curie 

temperature, low energy losses at high frequencies, low cost and better environmental stability 

[31, 82]. The high permeability, high electrical resistivity and low eddy current losses make them 

favorable soft magnetic material among other ferrite systems [83]. Magnesium-Zinc ferrites are 

also regarded as a cheap alternative to costly Nickel-Zinc ferrites [84]. Skołyszewska et al. have 

obtained soft magnetic properties for magnesium-zinc ferrites assuring high magnetic 

permeability and low energy losses [85]. Hajarpour et al. have reported enhancement in 

saturation magnetization for Mg0.6Zn0.4Fe2O4 sample with increase in glycine to nitrate ion ratio 

[86]. The enhancement in magnetization for Mg0.5Zn0.5Fe2O4 ferrite sample prepared at different 

pH values using hydrothermal method have been reported [87]. Barbosa et al. have observed 

enhanced magnetic characteristics for Mg0.6Zn0.4Fe2O4 nano-ferrite sample synthesized using 

combustion reaction method [88]. Choodamani et al. have shown superparamagnetic character 

for Mg0.5Zn0.5Fe2O4 ferrite sample synthesized using combustion method [89]. Singh et al. have 

reported soft magnetic characteristics for Magnesium-Zinc ferrite samples synthesized using co-

precipitation route [90]. Rahman et al. have also obtained soft magnetic properties for 

Magnesium-zinc ferrites prepared using co-precipitation route. The maximum value of coercivity 

has been observed for Mg0.5Zn0.5Fe2O4 ferrite sample as compared to other stoichiometric 

compositions of Mg-Zn ferrite [91]. 

Magnesium-Zinc ferrites show use in high density storage devices, high frequency devices, 

sensing, transformer cores, switched mode power supplies and in biomedical applications [31, 

82]. The magnesium-zinc ferrites synthesized by microwave assisted sol-gel combustion method 

are useful in energy storage and as writing and reading head for memory storage applications 

[92]. The magnesium-zinc spinel ferrites synthesized using solution combustion technique have 
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desired magnetic and electrical properties which make them useful in various electromagnetic 

applications [93].  

Magnesium-zinc spinel ferrites have also shown application in biomedical and sensing 

applications [90, 94]. The super-paramagnetic magnesium-zinc ferrite nanoparticles are suitable 

for magnetic hyperthermia uses [95]. The magnesium-zinc ferrite based humidity sensors are very 

fast and reliable [96]. Mukherjee et al. have reported that the Mg0.5Zn0.5Fe2O4 nano-tubes have 

shown promising sensing response towards hydrogen, carbon monoxide and nitrous oxide [97]. 

 

1.5  Role of transition metal doping  

The quantum mechanical phenomenon which is known as A-B super-exchange interaction has a 

strong impact on different physical properties of ferrites. The strength of A-B exchange 

interaction depends on the metal cations magnetic moment present at lattice sites A and B. 

Transition metal ions Co
2+

, Ni
2+

 etc. have partially filled d orbital which give rise to magnetic 

moment corresponding to number of unpaired electrons. The spin of unpaired electrons of 

partially filled d orbital is responsible for magnetic moment [98]. The substitution of transition 

metal is of special importance because transition metal ions substitution increases the value of 

magnetic moment at lattice sites which result in the enhancement of various physical properties.  

There are numerous reports of the substitution of different transition metal ions like copper, 

cobalt, chromium, zinc etc. which enhance the various physical properties in spinel ferrites [99-

101]. Abraham et al. have shown increase in coercivity and remnant magnetization for cobalt 

doped magnesium ferrites synthesized using combustion method [102]. Ati et al. have also shown 

enhancement in magnetic properties of cobalt doped nickel ferrite nanoparticles which make 

them appropriate for memory storage and microwave device applications [103]. The cobalt 

substituted manganese ferrites synthesized using micro-emulsion route have that desired 

magnetic characteristics which make them useful in memory recording applications [104].  

Padmapriya et al. have reported enhancement in magnetic properties of zinc ferrites on nickel 

substitution. The nickel substitution also enhances the dye degradation efficiency of zinc ferrite 

nanoparticles [105]. It has been reported that the magnetic properties of nickel doped ferrites are 

suitable for memory storage device applications [106]. The Co-Mn doping enhances the magnetic 

properties of Ni-Sn ferrites and have been found to be useful in high density recording media 
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[107]. The high permeability and low magnetic losses have been observed for manganese doped 

zinc ferrites [76]. The manganese doped La-Ce ferrites show use in memory recording 

applications [108]. The manganese substituted magnesium-zinc ferrites synthesized using oxalate 

precursor method have shown decrease in dielectric losses with increase in frequency which 

makes them highly desirable for high frequency device applications [109]. The manganese 

substituted ferrites may be useful in energy storage and other technological applications [110]. 

Anjana et al. have obtained enhanced magnetic properties with copper substitution in nickel 

ferrites [111]. Yadav et al. have found low dielectric losses and increase in dielectric constant for 

chromium doped manganese ferrites which makes them advantageous in charge storage device 

applications [112].  

The transition metal ion substituted ferrites have also shown potential in environmental and 

biomedical applications [73, 95, 99]. The substitution of cobalt in zinc spinel ferrites provides a 

possible candidate for purification of polluted water [113]. Lassoued et al. have reported 

enchaned photo-catalytic dye degradation for nickel doped cobalt-zinc ferrites [114]. 

Gharibshahian et al. have reported that the magnetic properties along with non toxic nature of 

zinc doped cobalt ferrites are useful in biomedical applications [115]. The copper substituted 

cobalt ferrites have improved antibacterial activities and are useful as ingredient in creams or 

lotions for biomedical applications [116]. The reported results confirm that transition metal 

doping enhances the various physical properties of spinel ferrites and make them suitable for 

several applications which are of technological, biological and environmental importance. 

 

1.6  General applications of spinel ferrites  

1.6.1 Magnetic recording  

Magnetic recording is one of the main applications of spinel ferrite nanoparticles. While 

recording, the magnetic states are impressed on the magnetic media made up of magnetic 

nanoparticles or magnetic thin films. Since 1947 the fine particles of spinel -Fe2O3 have been 

used for memory storage applications. These spinel ferrite magnetic nanoparticles have been used 

in digital as well as video and audio recordings. The saturation of spinel ferrite in one direction is 

taken as a digital state 1 and saturation in other direction is taken as digital state 0. For this the 

material must have some intermediate value of coercivity to sustain digital state, but also do not 
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have so much coercivity that a large field is required to demagnetize it [13]. The magnetic 

nanoparticles are also utilized in the hard disks to increase the storage density. For high storage 

density application, the high coercivity along with high retentivity and appropriate value of 

saturation magnetization is desired. The -Fe2O3 used for tape recording has specific saturation 

magnetization of 74-76 emu/gm [13]. Cobalt, Nickel and Manganese-Zinc ferrites based systems 

have also been explored for recording purposes. Hu et al. have shown that the spinel ferrites are 

beneficial in memory storage device applications [117]. Gilani et al. have described that the 

LiCo0.5PrxFe2−xO4 ferrites are useful in high density memory recording applications [118]. 

 

1.6.2 Microwave devices 

Spinel ferrites are useful in several microwave device applications. These materials operate near 

the resonance as microwave absorber or electromagnetic wave shielding materials and above 

resonance as highly permeable and low loss materials in various devices as isolators, filters, 

circulators, phase shifters and inductor cores [119]. The ideal materials for high frequency 

microwave device applications require moderate saturation magnetization, high permeability, 

high resistivity, low magnetic and dielectric losses [119]. Spinel ferrites are considered as 

important materials because they possess all these above mentioned properties. In modern 

microwave systems the ferrite circulator is one of the most frequently used device. In ferrite 

circulator the ferrite material interacts with the strong electromagnetic wave and provides non-

reciprocal behaviour required for operation of circulator. Ahmed et al. have shown that the Ni-Ti 

substituted Mn-Zn ferrites have shown promising electromagnetic properties which make them 

useful in various microwave device applications such as high quality filters, transformer cores, 

rod antennas, power supplies etc. [120]. The ferrite based materials have also been used for 

suppressing unwanted electromagnetic wave signals. Li et al. have shown that the nickel-zinc 

ferrites have potential microwave absorbing properties [121].  

1.6.3 Entertainment applications  

Soft spinel ferrites are utilized on large scale in entertainment applications. They are particularly 

useful in radio and television industry. They have been used as television deflection tube yokes, 

flyback transformers, interstage and pincushion transformers. The television defection yokes 

made up of ferrites are funnel shaped toroids. The properties such as permeability, saturation, 

curie temperature, coercivity, loss factor, density and electrical resistivity of ferrites play crucial 
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role in deciding their application for television deflection tube yokes. Magnesium-Zinc and 

Manganese-Zinc ferrites are preferred for television deflection tube yokes [13]. The interstage 

transformers are used in audio and well as video circuits for coupling of different stages of 

impedance and isolation matching. Ferrites are also utilized as an antenna in radio and television. 

The electromagnetic waves associated with radio and televisions have quite large wavelengths 

which require large antennas’ for operation. The antennas’ made up of ferrite materials which are 

also smaller in size have the ability to receive that large wavelengths. This factor makes ferrite 

antennas’ important for portable radio and television sets.  Mn-Mg-Zn ferrites are useful in high 

definition television deflection yokes respectively [109].  

 

1.6.4 Power applications 

Ferrites are very useful in dc power supplies especially in integrated circuits and computers. They 

are used in circuits where there is a requirement of well regulated DC power supply. In linear and 

switched power supplies the ferrite materials are used [13]. In linear power supplies the 

transformer, rectifier and choke made up of ferrite materials are used to reduce the residue ac 

ripple.  In audio frequency applications the transformers, speakers, audio processing instrument 

and microphones require several components which are made up of ferrite materials. In 

telecommunication application the channel filters and wide band transformers are made up of 

ferrite materials. Loading coils made of ferrite are also put in use in transmission lines to enhance 

the inductance [13, 20].  

 

1.6.5 Sensing 

In present time the gas sensing has become one of the important topic of interest in research. 

Spinel ferrites have been found to be useful as gas sensors for sensing of different gases such as 

hydrogen sulfide (H2S), carbon dioxide gas (CO2), carbon monoxide (CO) etc. [122]. The 

dynamic response is a parameter used to characterize the sensing characteristics of a sensor 

device. Abu-Hani et al. have described that the zinc and copper based ferrite have shown 

significant sensitivity towards the detection of hydrogen sulfide gas [123]. The zinc ferrites have 

shown good response towards the detection of carbon dioxide and liquefied petroleum gas [124]. 

The Ni-Cu-Zn ferrites can be explored as a chemical sensor for various toxic vapors such as 

acetone and ethanol [125]. The cerium substituted cobalt ferrite works as an efficient acetone 
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sensor [126]. Spinel ferrites have also worked as an efficient electrochemical biosensor due to 

their sensing accuracy and fast analysis time. Fe3O4, γ-Fe2O3, MnFe2O4, CoFe2O4 and ZnFe2O4 

are some of the examples of electrochemical biosensor [127].  

 

1.6.6 Photocatalytic dye degradation  

Spinel ferrites are one of the most promising photocatalyst for the degradation of toxic dyes 

[128]. Spinel photocatalysts use light energy to carry out the oxidation and reduction reaction 

mechanism. The light provides energy which excites electron from the valence to conduction 

band generating a hole with creation of electron hole pairs. When this reaction mechanism 

proceeds in aqueous solution the hydroxide and water ions react to form hydroxyl radicals which 

are the primary source of oxidizing agents in dye degradation process [128].  The most important 

advantage of using spinel ferrites for dye degradation is that they can be reused because they are 

magnetically separable. In spinel structure there are large number of catalytic reaction sites 

available which also helps in the enhancement of dye degradation [129]. Spinel ferrites have been 

used for removal of many toxic dyes like bromophenol blue, methyl orange, methylene blue, 

rhodamine B, phenol red, eosin yellow etc. [129]. The degradation of methylene blue using 

various CuFe2O4, NiFe2O4, ZnFe2O4 and CoFe2O4 ferrite photocatalysts has been studied. The 

maximum dye degradation efficiency has been obtained for CuFe2O4 ferrite followed by 

ZnFe2O4, NiFe2O4 and CoFe2O4 ferrites [130]. Lassoued et al. have obtained the high dye 

degradation efficiency for nickel ferrite nanoparticles against methyl orange [114]. 

 

1.6.7 Biomedical applications  

Spinel ferrite nanoparticles have shown enormous potential for different biomedical applications 

like magnetic hyperthermia, contrast enhancement, magnetic resonance imaging, tissue repair 

treatment, targeted and magnetically controlled drug delivery, magnetic carriers in bio-screening 

etc. [127]. The magnetic hyperthermia treatment has attracted the attention as a safe technique for 

cancer therapy, it includes injection of ferromagnetic / ferrimagnetic nanoparticles into the tumor 

tissue followed by the irradiation using an alternating applied magnetic field [131]. Jadhav et al. 

have observed the MnZnFe2O4 ferrite nanoparticles to show the properties necessary for 

hyperthermia applications [132].The spinel ferrite based nanoparticles has been used clinically as 
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a T2 contrast agents since 1990. Ahmad et al. have reported that the silica coated manganese 

nanoparticles act as efficient T2 contrast agent [133]. The cobalt ferrite based nano-composite can 

be utilized as an efficient drug delivery system [134].  

1.6.8 Other applications 

There are other applications of ferrites which include magnetostrictive transducers, delay lines 

and copier powders. In magnetostrictive transducer applications the high value of 

magnetostriction is required. Cobalt added to nickel ferrite have high magnetostriction which 

make them potential candidate in magnetostrictive transducer applications [13]. The magnetic 

properties of ferrites help to get rid of the carrier powder from the rotating drum. 

 

1.7  Motive and motif of the present work 

Spinel ferrites are the materials of present research on account of the interesting magnetic and 

electrical behaviour. Spinel ferrites are mainly useful in memory storage, microwave device, 

electrode material, photocatalytic dye degradation, sensing and biomedical applications. There 

are various spinel ferrite systems such as nickel ferrite, cobalt ferrite, zinc ferrite, manganese-zinc 

ferrite, magnesium-zinc ferrite etc [22, 53, 32, 60, 47, 31]. Among various spinel ferrites, 

Magnesium-Zinc (Mg-Zn) ferrite is an important system due to its remarkable magnetic and 

electrical properties [75, 76]. Several compositions of Mg-Zn ferrites have been studied and 

investigated for their properties but, Mg0.5Zn0.5Fe2O4 shows high saturation magnetization, soft 

magnetic nature, low dielectric losses and enhanced sensing characteristics [89, 91, 93, 97]. 

Therefore, Mg0.5Zn0.5Fe2O4 has been chosen for the present study. The preference of Mg
2+

, Zn
2+

 

and Fe
3+

 metal ions for crystallographic lattice sites in Mg0.5Zn0.5Fe2O4 creates the antiparallel 

alignment of ferromagnetic Fe
3+

 metal ions observed in case of ferrimagnetism. But, the presence 

of diamagnetic Mg
2+

 (0μB) and Zn
2+

 (0μB) ions at B and A sites respectively in Mg-Zn ferrite, 

reduce the magnitude of most significant A-B super-exchange interaction which lessens magnetic 

character.  This stresses on the need for the addition of magnetic element which may result in the 

enhancement of magnetic characteristics.  

The magnetic behaviour of spinel ferrites show dependence on the allocation of metal cations in 

crystallographic sites. The replacement of divalent Zn
2+

 metal ions which have strong preference 

for tetrahedral lattice sites with magnetic metal ions will create antiparallel alignment of metal 
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ions enhancing the A-B exchange interaction. The transition metal substitution plays a vital part 

in the modification of magnetic characteristics [102-104]. Mg-Zn spinel ferrite system and its 

properties are very sensitive to the method of preparation. In present study the co-precipitation 

method has been used for synthesis because its offers inexpensive experimental set up, non toxic 

nature and most importantly the availability of different parameters which help in controlling the 

nucleation and growth of nanoparticles [135]. The divalent Zn
2+

 metal ions have been replaced 

with transition metal (Co
2+

, Ni
2+

 and Mn
2+

) to enhance the magnetic characteristic of 

Mg0.5Zn0.5Fe2O4 ferrite. The transition metal doped Mg-Zn ferrites prepared using co-precipitation 

path have been characterized for their structural, morphological, elemental and magnetic studies. 

The structural study has been carried out using X-ray diffraction (XRD) and Fourier transform 

infrared spectroscopy (FT-IR). The morphological and elemental studies have been investigated 

using Field effect scanning electron microscopy (FE-SEM) and Energy dispersive X-ray 

spectroscopy (EDS) respectively. The Vibrating sample magnetometer (VSM) has been employed 

to study the magnetic behaviour.  

 

1.8  Outline of the thesis  

The thesis is composed of six chapters 

Chapter 1 includes the history of ferrites, classification of ferrites on the basis of their magnetic 

properties and on the basis of their crystal structure. The various types of spinel ferrite systems, 

role of transition metal doing in modifying the properties of spinel ferrites and some general 

applications of spinel ferrites have been presented. The aim of the present work and outline of the 

thesis has been included in the present chapter.  

Chapter 2 describes the various methods (sol-gel, micro-emulsion, co-precipitation etc.) utilized 

for the synthesis of spinel ferrites. The co-precipitation method utilized for the synthesis of 

transition metal doped Magnesium-Zinc ferrites have been discussed in detail. The advantages of 

co-precipitation method have also been discussed. The experimental techniques (XRD, FE-SEM, 

VSM etc.) utilized for the characterization of various physical properties have been described in 

detail.  

Chapter 3 explains the structural, morphological and elemental characteristics of transition metal 

doped Magnesium-Zinc ferrites and presents their analysis. XRD and FT-IR techniques have been 
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employed for the investigation of structural properties. FE-SEM and EDS characterization 

techniques have been used to investigate the morphological and elemental properties respectively. 

The structural parameters calculated with the help of XRD data have also been analyzed. 

Chapter 4 explains the proposed cation distribution for transition metal doped Magnesium-Zinc 

ferrites. The choice of cations for crystallographic lattice sites and experimental XRD results have 

been taken into account to propose the cation distribution. Various structural parameters 

calculated with the help of proposed cation distribution have been described.  

Chapter 5 describes the change in magnetic properties of Magnesium-Zinc ferrites on transition 

metal ion substitution. The nature of magnetic exchange interactions investigated with the help of 

proposed cation distribution using Yafet –Kittel model have been included in the present chapter.  

Chapter 6 presents the summary of the present work. The future scope of the present work has 

also been included. 
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This chapter gives the description of synthesis route utilized for preparation of ferrite nano-

particles and the experimental techniques utilized for their characterization. The co-precipitation 

technique, its advantages and reaction mechanism for the synthesis of transition metal ion (M = 

Co
2+

, Ni
2+

 and Mn
2+

) doped Mg-Zn ferrites have been discussed. The equations used for the 

calculation of several experimental parameters have been described. 

2.1  Nanoparticles  

The science associated with different materials is said to be nano-science when these materials 

have at least one dimension in nano-meter size. Nano-science includes different types of 

materials such as thin films, nano wires and nano-particles etc. Nano-particles have all three 

dimensions in nano size. Due to their small size, nano-materials exhibit different properties in 

comparison to their corresponding bulk counter-parts, which make them a vital candidate in 

various applications. The reduction in particle size leads to increase in surface to volume ratio 

and also modifies the electronic states due to quantum confinement effect. The increment in 

surface/volume ratio is an important factor as the surface atoms are different to inner atoms. This 

is because the surface atoms have less coordination with non saturated bonds and canted spins 

[1]. In recent years, several researchers have studied spinel nano-ferrites due to their interesting 

chemical and physical properties [2-4]. The interesting properties of nano-ferrites make them 

potential candidate in several technologically important applications such as magnetic recording, 

telecommunication systems, transformer cores, microwave devices, magnetic fluids, gas sensors, 

photo-magnetic materials, catalysts, targeted drug delivery, spintronics, bio-sensing etc. [5-8]. 

The Mn-Mg spinel nano-particles have high electrical resistivity and ten times smaller tan 

losses than their bulk counterparts, which make them beneficial in applications involving high 

frequencies [9]. The CoCrFeO4 ferrite nano-particles have large value of coercivity in 

comparison to their bulk counterpart [10]. The interesting properties and diverse applications of 

ferrite nanoparticles in technological industry have raised the interest of scientific community 

towards their synthesis. 

2.2  Synthesis techniques  

The properties of ferrite nano-particles depend on the distribution of cations in lattice sites and 

their particle size, which are very sensitive to synthesis method [11]. So, to tailor the properties 
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of ferrite nano-particles the selection of synthesis method is crucial. There are several physical 

and chemical routes available for the preparation of ferrite nano-particles such as ball milling, 

ion beam, sputtering, auto-combustion, sol-gel, hydrothermal, co-precipitation, micro-emulsion 

etc. The few of the synthesis methods have been discussed below. 

2.2.1 Physical methods  

2.2.1.1 Ball milling  

Ball milling is an established method for nano-particles synthesis. In this technique, the material 

suffers from high energy strikes due to ball-to-ball and ball-to-vial wall collisions. The formation 

of material in nano-crystalline form is due to the regular disintegration and re-welding process of 

grains [12]. Spinel ferrites synthesized by ball milling method are nano-crystalline in nature, the 

milling of nano-crystalline ferrites for different time intervals changes the structure of nano-

crystalline ferrites from normal spinel to inverse spinel structure [12]. 

2.2.1.2 Sputtering  

In this technique the atoms or ions of very high energy strikes on a solid surface and eject atoms, 

molecules or clusters and will deposit them on surrounding. It is widely used for the preparation 

of thin films for microelectronic applications. Sputtering can be divided onto four different 

classes i.e DC, RF, Magnetron and reactive. In DC or direct current sputtering the source is 

direct current, the sputtering is under high pressure ranging from 1 to 100 m Torr. In DC 

sputtering the positively charged sputtering gas is accelerated towards the target which is 

negatively charged. In Radio frequency sputtering the source is alternation current. It can be 

utilized for all type of materials but mainly employed for dielectric target materials. The 

magnetron sputtering can work with direct current as well as with radio frequency. In magnetron 

sputtering the powerful magnets are used to confine the plasma to the area which is nearest to the 

target. This technique maintains a high deposition rate in comparison to other techniques. 

Magnetron sputtering can also operate at low pressure conditions. In reactive sputtering the 

target is sputtered in the environment of a gas or mixture different gases. The gaseous mixture 

reacts with target leading to a different composition in the form of thin film. In most of the cases 

the main constituent gas is argon. Several authors have reported for the preparation of ferrite thin 
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films using sputtering technique [13, 14]. The sputtering technique is known for producing 

ferrite thin films of controllable thickness and crystalline nature [13].  

2.2.2 Chemical methods  

2.2.2.1 Sol-gel  

Sol-gel method is known for generating solid materials from small molecules.  For ferrites 

synthesis using sol gel method, the aqueous solutions of desired metal salts are precipitated using 

a suitable base and then further treated to form a colloidal solution. The prepared colloidal 

solution is concentrated to form a gel and fired for desired ferrite nano-particles [15]. There are 

several studies in which sol-gel method has been used for the synthesis of pure spinel and nano-

crystalline ferrites [16, 17]. The formation of pure spinel ferrite nano-particles having narrow 

particle size distribution for nickel-zinc ferrites synthesized using sol-gel method have been 

observed [17]. 

2.2.2.2 Hydrothermal  

Hydrothermal synthesis is basically a heterogeneous reaction of aqueous solvents or minerals 

under elevated temperature and pressure condition in an autoclave to re-crystallize and dissolve 

the materials which are insoluble under normal conditions of temperature and pressure [18]. The 

hydrothermal method is a popular technique for the formation of ferrite nanoparticles with highly 

crystalline nature and narrow particle size distribution [19].  Köseoğlu et al. [20] have reported 

the formation of pure spinel and crystalline nano-particles of manganese doped ferrites 

synthesized by hydrothermal method. 

2.2.2.3 Polyol process 

In Polyol process the Polyol word refers to diol, like ethylene glycol and its derivatives. The 

isomers of propanediol, butanediol, pentanediol, etc. also refer to Polyol. Due to the presence of 

OH groups, the Polyol have high reducing and coordinating properties which help in the 

preparation and controlling the shape and size of nanoparticles. Highly crystalline nanosphere 

clusters of cobalt ferrites have been synthesized using polyol process [21].  

2.2.2.4 Micro-emulsion 

Micro-emulsion is a clear, thermodynamically stable and isotropic liquid. Micro-emulsions are 

the mixtures of oil, water and surfactant. Micro-emulsion is generally of two types, i.e. water in 

https://www.sciencedirect.com/science/article/pii/S027288421200003X#!
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oil and oil in water micro-emulsions. It depends on ratio of the components used and 

hydrophilic–lipophilic balance (HLB) value of the used surfactant [22]. In both types of micro-

emulsions, the dispersed phase offers close surroundings for the preparation of nano-particles. 

The dispersed phase has mono-dispersed droplets in the range 2 to 100 nm [23]. Pulišová et al. 

[24] have reported that the nickel and cobalt ferrites synthesized by micro-emulsion route are 

purely spinel and crystalline in nature. Zeng et al. [25] have obtained high crystallinity and 

uniform pore size distribution for nickel based ferrite prepared by micro-emulsion route.  

2.2.2.5 Co-precipitation  

Co-precipitation is one of the most frequently routes used route for the synthesis of ferrite nano-

particles. Several authors have reported that the ferrites synthesized by the co-precipitation 

method are purely spinel and highly crystalline in nature [26-27]. Erfaninia et al. [28] reported 

that the Zn-ferrite synthesized using co-precipitation route is highly crystalline in nature and does 

not have any single impurity. In this technique, the aqueous solutions of metal salts taken in 

desired molar ratio are mixed with suitable precipitating agent followed by stirring and agitation 

of prepared aqueous solution. This results in the formation of precipitates. The precipitating 

agent plays a crucial role in deciding the pH value, precipitation and growth of ferrite nano-

particles [23, 29]. Co-precipitation route has several advantages which makes it advantageous 

over other synthesis techniques. The following are the advantages of co-precipitation route. 

(i) Co-precipitation technique is known for the production of homogenous nano-particles 

having narrow particle size distribution [26, 30]. 

(ii) Co-precipitation is a cost effective technique, it does not require any sophisticated 

instrumentation for the reaction process. 

(iii) It does not require high reaction temperatures and hazardous solvents. 

(iv) It does not require more time to complete reaction process and easily applicable to 

industrial level production.   

(v) In co-precipitation method there are different parameters such as pH value, synthesis 

temperature and stirring rate which provides a choice to control the growth and 

formation of nano-particles. 
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2.3  Reaction mechanism 

The co-precipitation route has been used in the present work for the synthesis of transition metal 

(M) ions doped (M = Co
2+

, Ni
2+

 and Mn
2+

) doped Mg-Zn ferrites. In co-precipitation technique, 

the chemical co-precipitation of metal salts using suitable base results in the formation of 

precipitates that contain all components which have been mixed at the ionic level. The following 

is the proposed chemical equation for the synthesis of Mg0.5Zn0.5-xMxFe2O4 (x = 0.125, 0.250, 

0.375, 0.500) ferrites: 

 

The reaction mechanism and chemicals used for the above synthesis have been discussed below: 

MgCl2.6H2O the Magnesium (II) chloride hexahydrate, ≥ 98%, ZnCl2 the Zinc (II) chloride ≥ 

98%, FeCl3.6H2O the Iron (III) chloride hexahydrate  ≥ 99%), MnCl2.4H2O the Manganese (II) 

chloride tetrahydrate  ≥ 99%) and NaOH the sodium hydroxide ≥ 98% purchased from Merck 

India and CoCl2.6H2O the Cobalt (II) chloride hexahydrate ≥ 99%) and NiCl2.6H2O the Nickel 

(II) chloride hexahydrate 98% from Alfa Aesar have been utilized as procured. The 

stoichiometric amount of salts (MgCl2 .6H2O, ZnCl2, FeCl3.6H2O, M = CoCl2.6H2O, NiCl2.6H2O 

and MnCl2.4H2O), according to their required molar ratio (1:2 of Mg Zn M: Fe) in double 

distilled water (100 ml) have been mixed to synthesize the solution. This is followed by stirring 
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till the solution becomes clear. The prepared solution has been added with precipitating agent 

NaOH and then stirred for 45 minutes at 353 K. The pH value has been maintained in the range 

11-12. After the completion of reaction, the precipitates settled down. The double distilled water 

have been utilized to wash the precipitates. This treatment makes them free from sodium and 

chloride ions.  Oven has been used to dry the precipitates for 12 hrs at 373 K. The dried 

precipitates after collection have been powdered with the help of granite mortar pestle. An 

automatic muffle furnace has been used to sinter the powdered precipitates at 1173 K for 3 hours. 

There is formation of pure spinel phase for Mg-Zn ferrites when sintered at 1173 K [31]. Figure 

2.1 shows the flow chart for the synthesis of Mg0.5Zn0.5-xMxFe2O4 ferrites. 

 

 

Figure 2.1: Flow chart for the synthesis of Mg0.5Zn0.5-xMxFe2O4 ferrites 

2.4   Characterization techniques  

The structural, elemental, morphological, magnetic characteristics of prepared transition metal 

(M) ions doped ferrite samples have been studied. XRD (X-ray diffraction) and FT-IR (Fourier 

transform infrared spectroscopy) have been utilized for the structural confirmation of prepared 
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samples. Elemental and morphological investigation of prepared samples have been carried out 

using EDS (Energy dispersive X-ray spectroscopy) and FE-SEM (Field emission scanning 

electron microscopy) respectively. To investigate the magnetic characteristics of prepared 

samples the VSM (Vibrating sample magnetometer) has been used. The experimental tools used 

for the investigation of above mentioned properties have been described in detail in the following 

subsection.  

2.4.1 X-ray diffraction (XRD) 

XRD is a technique employed to identify crystallographic structure of material samples. The 

diffraction pattern observed in X-ray diffraction technique gives information about the structural 

properties of materials. It works on the principle of constructive interference of X-rays diffracted 

from a crystalline sample. When X-rays fall on sample it gets diffracted in all possible directions 

and an intense diffraction pattern as a result of constructive interference from various planes is 

detected by the detector of X-ray diffractometer. The condition of X-ray diffraction according to 

Bragg’s law is [32] 

                                                        ndhkl sin2                                                                  (2.1) 

where n = 1, 2, 3…., d is inter-planar distance between adjacent planes and  h, k, l are Miller 

indices relevant to the respective planes, is the diffraction angle and λ is the X-ray wavelength . 

The schematic representation of Bragg’s diffraction for a set of lattice planes is displayed in 

Figure 2.2. 

 

Figure 2.2: Schematic diagram of Bragg’s diffraction for a set of lattice planes 
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The diffraction of X-rays due to crystallites in sample that are randomly orientated get detected 

by scanning across diffraction angle range (2). In the present work Shimadzu X-ray 

diffractometer (XRD 6000, JIIT Noida) has been employed for the XRD studies. Cu Kα radiation 

with wavelength of 1.5406 Å has been used in the X-ray diffractometer. The angular range of 

°-80° at a scan speed of 2°/minute has been used to acquire data at operating parameters  40 

kV and 30 mA. 

 

Figure 2.3: Shimadzu (XRD 6000) X-Ray diffractometer employed for XRD studies 

The following equations have been used to calculate some structural parameters using 

experimental X-ray diffraction data: 
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(i) Crystallite size (D) 

Scherrer’s equation has been employed to calculate the crystallite size for prepared samples:        

                                                        cos/9.0D                                                              (2.2)     

where β represents the  FWHM (full width at half maximum), λ represents the X-ray wavelength 

and θ represents the Bragg’s diffraction angle. 

(ii) Inter-planar spacing (dhkl) 

Bragg’s equation has been used to calculate the inter-planar spacing. 

                                                  
 sin2/ndhkl                                                                         (2.3)   

where h, k, l correspond to the miller indices of the respective planes. 

(iii) Lattice constant (a)  

The lattice constant for the samples has been calculated using equation:  

                                                       
2/1222 )( lkhda

klh                                                                    (2.4)                                         

(iv)  Packing factor (p)  

It signifies the existence of atomic layers in crystalline domains. The value of p the packing 

factor for prepared samples has been determined using equation [33]: 

                                                              dDp /                                                                     (2.5) 

(v) Strain (u) (Compressive and Tensile ) 

The presence of strain type has been determined using equation [34]:                                                                       
                                             

                                    iiifu ddcdddc //)( 
                                                             (2.6)

 

where c is a constant that depends on the material,  d represents inter-planar spacing difference 

between pure (di) and doped samples (df). 
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2.4.2 Energy dispersive X-ray spectroscopy (EDS) 

The stoichiometric investigation of prepared samples has been carried out using EDS. It is a 

qualitative and quantitative technique used for the elemental analysis. It also provides 

information about the chemical composition. In this technique the beam of highly energetic 

electrons is allowed to fall on the sample resulting in emission of X-rays. The nature of the X-ray 

emitted from the sample gives information about the elements and their relative atomic % 

present in the sample. The X-rays energy emitted is equivalent to characteristic difference of 

energy b/w two shells and depends on the constituent element atomic structure [34]. Figure 2.4 

shows the schematic of emission of X-rays.  

 

Figure 2.4: Schematic of emission of X-rays 

The energy of X-rays emitted from sample is measured by EDS spectrophotometer. In the 

present work the elemental characterization has been performed using Oxford Instruments EDS, 

IIT Roorkee. Figure 2.5 shows the schematic diagram of EDS spectrophotometer. 
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Figure 2.5: Schematic of EDS spectrophotometer 

2.4.3 Field emission scanning electron microscope (FE-SEM) 

FE-SEM is a high resolution microscope which employs electrons to investigate the topographic 

and morphological details of the sample. In FE-SEM the electrons are liberated from a source 

and then accelerated in a high electric field. The accelerated electrons are focused and deflected 

using lenses to produce a narrow incident beam striking the sample. The secondary electrons are 

emitted from the sample where the electron beam is incident on the sample. The velocity and 

angle of the secondary electrons depend on the surface morphology of the sample. The 

secondary electrons are collected by the detector and generate an electronic signal which is now 

amplified and transformed to an image visible on the screen. The ray diagram of FE-SEM is 

shown in Figure 2.6. 
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Figure 2.6: Ray diagram of FE-SEM 

The surface morphology of prepared samples has been investigated using Quanta 200 FEG FE-

SEM, IIT Roorkee (Figure 2.7), having resolution of less than 2 nm. It has magnification of 12X-

1000 kX and operated at an accelerating voltage of 200 V -30 kV. 

 

Figure 2.7: Quanta 200 FEG Field effect scanning electron microscope 
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2.4.4 Fourier transform infrared spectroscopy (FT-IR) 

FT-IR is a sensitive method related with the interaction of infrared radiation with matter. It works 

on the principle that the molecular bonds vibrate at different frequencies depending on the 

molecules and bond type. Every single bond vibrates at definite frequency which corresponds to 

characteristic of molecule and the functional groups present in the molecule. In case of spinel 

ferrites the FT-IR spectroscopy provides an insight regarding the metal ion positions in the lattice 

sites utilizing the various vibrational bands in the crystal [16]. Spinel ferrites have characteristic 

infrared spectra. The formation of ferrite spinel structure is indicated from the frequency bands 

present in the range 400 cm
-1

-600 cm
-1

 [16].  

Michelson interferometer, radiation source, radiation detector and samples holder are the major 

parts of a FT-IR spectrophotometer. Figure 2.8 shows the graphic of FT-IR spectrophotometer.  

 

Figure 2.8: Graphic of FT-IR spectrophotometer 

The FT-IR measurements have been carried out from 400 cm
-1 

-1000 cm
-1

 using Perkin Elmer 

spectrophotometer model-65 (SAIF Panjab University), by preparing a pellet of powdered 

sample using solid KBr. The spectral resolution was 1 cm
-1

. The silicon carbide element and 

deuterated triglycine sulfate (DTGS) has been used as infrared source and radiation detector 
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respectively in Perkin Elmer 65 FT-IR spectrophotometer. Figure 2.9 displays the FT-IR 

spectrophotometer instrument. 

 

Figure 2.9: FT-IR spectrophotometer 

 

2.4.5 Vibrating sample magnetometer (VSM) 

VSM is the most common experimental tool to investigate the magnetic behavior of a material. 

This magnetic behavior in case of spinel ferrites can be investigated in terms of different 

magnetic parameters like coercivity (Hc), saturation magnetization (Ms) and retentivity (Mr) 

using M-H hysteresis loop obtained from VSM. It works on Faraday’s law of electromagnetic 

induction. The sample is placed in a stable magnetic field in VSM. This magnetic field 

magnetizes the sample by orientation of its domains along its direction. The stronger the stable 

magnetic field the more is the magnetization. A magnetic moment is induced in the sample and 

generates a stray magnetic field around the sample. On vibration of the sample the stray 

magnetic field shows time dependent alteration which is perceived by pick up coils. This 

alteration induces an electric field to generate an induced current. The magnitude of induced 

current is equivalent to the magnetization induced in the sample. This induced current is 
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amplified by a transimpedance and lock-in amplifier respectively in the VSM. Figure 2.10 shows 

the schematic diagram of VSM. The magnetic characteristics of material are estimated by plotting 

a graph (M-H curve) between magnetization and applied field.   

 

 

 

Figure 2.10: Schematic representation of VSM  
 

PAR-155 Quantum design VSM, (IIT Roorkee) has been utilized for the magnetic 

characterization. These measurements have been taken from -10 kOe to +10 kOe at room 

temperature.   

 

Figure 2.11: Experimental set up of PAR-155 Vibrating sample magnetometer 
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The following relations have been utilized for the estimation of various parameters using 

experimental data obtained with the help of VSM. 

(i) Magneto-crystalline anisotropy constant (Ka) 

Ka is the inherent property of magnetic materials. It decides the coercive nature of magnetic 

materials. It has been calculated using relation [16]:   

                                              98.0/)( sca MHK 
                                                            (2.7)  

where Ka is the anisotropy constant and Ms is the saturation magnetization. 

(ii) Magnetic moment ( 

The value of  has been calculated using equation [16]:
      

                                                 
5585/)( swB MM 

                                                                        (2.8) 

here Ms represents the saturation magnetization and  Mw represents the molecular weight of the 

sample. 

(iii) Remanence ratio (R) 

The remanence ratio gives information about the isotropic and anisotropic nature of the samples. 

The value of R has been evaluated using relation [36]:  

                                                      
sr MMR /                                                                    (2.9) 

where Mr is the retentivity and Ms is the saturation magnetization.  

(iv) Yafet-Kittel (Y-K) angles 

Y-K angles provide insight about the type of magnetic ordering and spin arrangement in ferrites. 

These angles have been obtained employing the relation [16]: 

                                                              AYKBB MM   cos                                                (2.10) 

where MB and MA are values of magnetic moment at octahedral and tetrahedral sites respectively 

and αY-K is Yafet-Kittel angle.
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This chapter includes the structural, morphological and elemental studies of transition metal         

(M = Co
2
, Ni

2+ 
and Mn

2+
) doped Mg-Zn ferrites. The effect of transition metal (M) doping on 

these properties of Mg-Zn ferrites has been discussed. Several structural parameters calculated 

using experimental X-ray diffraction data are also described. 

3.1  Introduction  

Ferrites have excellent magnetic and electrical properties [1] making them appropriate for 

different functions like as high density storage of information, telecommunication systems, 

transformer cores, antenna rods, ferro-fluids, ac motors, generators, microwave devices, 

recording equipments, magnetically guided drug delivery and gas sensors [2-6]. To explore and 

utilize ferrites for different technological applications, the evaluation of their various physical 

properties is essential. 

The properties of nanomaterials are influenced by their structure and morphology [7]. In the case 

of ferrite nanoparticles, also the structure and morphology plays an important role in deciding 

other physical properties [8] which are essential for technological applications of ferrite 

nanoparticles. The grain size and surface morphology of Ni-Zn ferrites are important factors to  

determine the magnetic and dielectric properties of ferrite nanoparticles [9]. The change in 

structural parameters of ferrite nanoparticles is responsible for modifying other physical 

characteristics [10]. The change in morphology leads to change in magnetic characteristics of 

copper doped Mg-Zn ferrites [11]. The impact of structural parameters and morphology of ferrite 

nanoparticles on other physical properties makes it necessary to investigate their structural and 

morphological properties. 

In the present study the transition metal (M = Co
2+

, Ni
2+

and Mn
2+

) doped Mg-Zn ferrite belongs 

to spinel ferrite family. Mg-Zn ferrite crystallizes into mixed spinel ferrite structure [12]. The 

crystallization of ferrites into a particular type of structure depends on the distribution of divalent 

and trivalent metal cations in lattice sites [13]. Co
2+

 and Ni
2+

 metal ions have preference to lodge 

in B crystallographic sites whereas Mn
2+

 ions prefer to occupy A crystallographic sites [14, 15].  

With the substitution of transition metals in Magnesium-Zinc ferrites the metal cation 

distribution in crystallographic lattice sites gets modified which leads to subsequent changes in 

various structural parameters and morphology. Several authors have reported that the substitution 
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of transition metals lead to variation in structural parameters and morphology of spinel ferrites 

[14-17].  Abraham et al. reported that the substitution of Co
2+

 metal ions have significant impact 

on the structural parameters of magnesium ferrite [18]. Prasad et al. have reported that the Ni
2+

 

substitution changes structural parameters of Co-Zn ferrites and the change in structural 

parameters also make an impact on various other physical properties [19]. Dolla et al. have 

investigated the Mn
2+

 doped ferrites, the Mn
2+

 substitution changes the shape of nanoparticles 

from cubical to sphere like structures and also modifies several structural parameters [20].   The 

X-ray diffraction and FE-SEM technique are the useful tools to get information about the 

structure and morphology of spinel ferrites respectively. Apart from X-ray diffraction, the FTIR 

spectroscopy also provides a suitable mean for structural analysis of spinel ferrites because 

spinel ferrites have characteristic infrared spectra [10]. Rashmi et al. have reported the existence 

of prominent frequency bands around 400 cm
-1

 and 600 cm
-1

 for samarium doped zinc spinel 

ferrite [21]. The presence of frequency bands around 400 cm
-1

 and 600 cm
-1

 confirm the 

formation of spinel structure of ferrites.  

There are numerous reports about the structural, morphological and elemental properties of 

Magnesium-Zinc ferrites [22, 23]. But there are few reports available on structural, 

morphological and elemental properties of transition metal (M = Co
2
, Ni

2+ 
and Mn

2+
) ions doped 

Mg-Zn ferrites. In the present chapter the calculation of various structural parameters such as 

crystallite size (D), lattice constant (a), inter-planar spacing (d) and strain (u etc. have also been 

included. 

3.2  Experimental details  

The transition metal (M) ions doped Mg-Zn ferrites have been prepared employing co-

precipitation route. The detailed description of synthesis process has been given in section 2.3 of 

chapter 2. The structural characterization of prepared powdered samples has been carried out 

using Shimadzu (XRD 6000) diffractometer. The data has been acquired in the angular range of 

°-80° at a scan speed of 2 degree per minute. FT-IR measurements in the range 400 cm
-1 

to 

1000 cm
-1

 have been performed using Perkin Elmer spectrophotometer model-65. The KBr pellet 

has been utilized for FT-IR measurements. The 2 mg powdered sample has been mixed with 200 

mg KBr to form pellets. The surface morphology of prepared samples has been investigated 
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using Quanta 200 FEG FE-SEM. The elemental characterization of prepared samples has been 

performed using oxford instruments EDS.  

3.3  Results and discussion 

In this section, the structural, morphological and elemental properties of transition metal (M) 

ions doped Mg-Zn ferrites have been described.  

3.3.1 Structural, morphological and elemental properties of Mg0.5Zn0.5-xCoxFe2O4 ferrites 

The structural properties of Co
2+

 doped Mg-Zn ferrites have been investigated using XRD. Figure 

3.1 depicts the XRD patterns for Co
2+

 added Mg-Zn ferrites.  

 

Figure 3.1: XRD patterns of Co
2+

 doped Mg-Zn ferrites 
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The peaks indexed as (111), (220), (620), (311), (400), (422), (511) and (440) in Figure 3.1 are 

the planes characteristic of the face centered cubical (FCC) spinel structure [24]. The presence of 

these peaks confirm the formation of single phase FCC structure for all prepared samples. The 

inset in the XRD spectra (Figure 3.1) show shift of prominent XRD peak (311) with Co
2+

 

substitution. The shift of prominent XRD peak confirm addition of Co
2+

 ions [25]. To calculate 

the crystallite size, X-ray diffraction peaks indexed as (111), (220), (311), (422), (511) and (440) 

have been considered. The average crystallite size has been calculated using equation (2.2).  The 

average crystallite size for x = 0, (Table 3.1) is less compared to x = 0.125, it is attributed to the 

migration of Zn
2+

 (0.82 Å) metal cations from A lattice sites to B lattice sites and migration of  

Fe
3+

 (0.67Å) metal ions from B lattice sites to A lattice sites. For nano-ferrites, it is possible that 

some of Zn
2+

 divalent metal ions may shift towards B lattice sites [26]. For x > 0.125, the 

average crystallite size decreases. It is because of the replacement of Zn
2+

 with Co
2+

 because 

Co
2+

 metal ions has smaller ionic radius (0.74 Å) than Zn
2+

 (0.82 Å) metal ions  [27]. 

The value of lattice constant for the samples has been computed employing equation (2.4); it 

shows non-linear behaviour (Table 3.1) with increase in Co
2+

 substitution. The observed non-

linear variation in the value of a indicates deviation from Vegards's law because of the departure 

of inverse spinel or normal spinel structure to partially inverted structure [24, 27]. The 

distribution of divalent metal cations in both tetrahedral and octahedral sites is responsible for 

partially inverted nature of spinel ferrites. The agglomeration of ferrite nanoparticles at grain 

boundaries can also be attributed to the nonlinear variation in lattice parameter [28]. The value of 

dhkl  have been computed using equation (2.3) and it ranges between 2.5154 Å to 2.5324 Å.  The 

non-linear variation with Co
2+

 substitution (Table 3.1) may also attributed to deviation of inverse 

spinel or normal spinel structure to partially inverted structure. 

The packing factor (p) for prepared samples has been calculated using equation (2.5). It ranges 

between 143.36 to 276.97 (Table 3.1). The variation of packing factor is in accordance with 

crystallite size variation. The sample having least crystallite size has minimum packing factor. 

The type of strain present in prepared samples has been found using equation (2.6).  The value of 

strain calculated for prepared samples (Table 3.1) indicate that for x = 0.125 the tensile strain is 

present and for all other samples the compressive type of strain has been observed. 
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Table 3.1: Different structural parameters for Co
2+

 doped Mg-Zn ferrites 

x Crystallite 

size (D) nm 

Lattice 

constant (a) Å 

Inter-planar 

spacing (dhkl) Å 

Packing 

factor (p) 

Strain (εu) 

0.000 60.97 8.4126 2.5315 240.89 - 

0.125 70.13 8.4134 2.5324 276.97  3.95 ×10
-4

 

0.250 56.49 8.3661 2.5154 224.61 -6.32 ×10
-3

 

0.375 56.13 8.2588 2.5214 222.64 -3.95 ×10
-3

 

0.500 36.17 8.3850 2.5230 143.36 -3.16 ×10
-3

 

 

To investigate the infrared spectra of prepared samples, the FT-IR spectroscopy has been 

utilized. Figure 3.2 displays FT-IR spectra of Co
2+

 added Mg-Zn ferrites. 

 

 

Figure 3.2: FT-IR spectra of Co
2+

 doped Mg-Zn ferrites 

The FT-IR spectra shows frequency bands across 400 cm−1
 and 600 cm −1 

for all prepared 

samples. Waldron has been reported that the frequency bands around the wavenumber 400 cm
−1
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and 600 cm 
−1 

represent intrinsic vibration for bond between O
2-

 and the metal cations located at 

A and B lattice sites [29]. The position of frequency bands is dissimilar due to the difference in 

Fe
3+

-O2
−
 bond length at A and B sites [24]. The frequency bands observed for samples 

corroborate the cubical spinel structure. There is change in the location of frequency bands with 

Co
2+ 

substitution which may be due to the alteration in the bond length. The Co
2+

 metal ion 

substitution migrate Fe
3+

 metal ions from B lattice sites and change bond length. The synthesis 

method, grain size and ionic radius plays an significant role in deciding the position of 

vibrational frequency bands [30]. 

The morphology of samples has been used investigated using FE-SEM. Figure 3.3 displays the 

FE-SEM micrographs of Co
2+

 doped Mg-Zn ferrites.  

 

 

Figure 3.3: FE-SEM micrographs for Co
2+

 doped Mg-Zn ferrite 

FE-SEM micrographs clearly indicate that there is non-uniform distribution of grains for 

samples. Except for x = 0.500, the sharp edges on the surfaces have been observed for all 

samples.  For x = 0.500, the maximum agglomeration of nanoparticles has been observed. The 
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agglomeration of nanoparticles increase with Co
2+

 addition. The increase in agglomeration of 

nanoparticles is due to the substitution of ferromagnetic Co
2+

 by replacing diamagnetic Zn
2+

. 

Figure 3.4  shows the EDS spectra for the prepared samples. The occurrence of elements Co, Fe, 

Zn, Mg and O has been confirmed.  

 

Figure 3.4: EDS spectra for Co
2+

 doped Mg-Zn ferrites 

The values of atomic % (Table 3.2) matches approximately with the estimated values for the 

samples. The atomic % expected ratio of metal cations w.r.t. anion is 3:4. 

Table 3.2: Values of atomic % for Co
2+

 doped Mg-Zn ferrites 

 

 

 

 

 

 

 

 

 

x Atomic % 

Magnesium 

Atomic % 

Zinc 

Atomic % 

Iron 

Atomic % 

Oxygen 

Atomic % 

Cobalt 

0.000 5.87 9.56 26.43 58.14 0.00 

0.125 5.88 5.87 36.44 49.41 2.39 

0.250 6.64 4.16 31.45 53.73 4.02 

0.375 5.45 3.09 32.55 53.66 5.26 

0.500 5.38 0.00 31.62 56.94 6.06 
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3.3.2 Structural, morphological and elemental properties of Mg0.5Zn0.5-xNixFe2O4 ferrites 

Figure 3.5 displays the XRD patterns of Ni
2+

 added Mg-Zn ferrite samples.  

 

Figure 3.5: XRD patterns of Ni
2+

 doped Mg-Zn ferrites  

The peaks have been indexed as (111), (220), (620), (311), (400), (211), (422), (511) and (440). 

The peaks (111), (220), (620), (311), (400), (422), (511), (440) are planes specific to single phase 

(FCC) spinel structure [24]. With increase in Ni
2+

 substitution (x > 0.125), the peak marked as 

(211) appears which indicates the existence of MgO phase [32]. The existence of MgO phase 

suggests the transition of Mg(OH)2 into MgO [33] and low solubility of Mg
2+

 metal cations with 

Ni
2+

cations in the spinel structure. So, only the most prominent peak (311) corresponding to 

cubical spinel ferrite has been considered for calculation of crystallite size using equation (2.2). 

It decreases with Ni
2+

 content (Table 3.3). This is because of the replacement of larger Zn
2+

 

metal ions with smaller Ni
2+

 metal ions ,as Ni
2+ 

has smaller ionic radius (0.69 Å)
  
than Zn

2+
 (0.82 

Å) [14]. Manikandan et.al have also reported similar results on the substitution of metal ion 
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having smaller ionic radii [34]. The XRD spectra show shift in most prominent (311) X-ray 

diffraction peak towards higher diffraction angle with Ni
2+

 substitution. This is because of the 

replacement of larger Zn
2+

 metal ions by smaller Ni
2+ 

ions. The XRD peak (311) which is most 

prominent, shifts from 2θ = 35.37 for x = 0 to 2θ = 35.67 for x = 0.500 (Figure 3.6).  

 

Figure 3.6:  Shift in position of most prominent (311) X-ray diffraction peak with Ni
2+

 substitution 

 

The dhkl and a have been calculated using equation (2.3) and (2.4) respectively. The value of a 

and dhkl (Table 3.3) decreases with Ni
2+

 substitution. It is due to the difference in ionic radii of 

Ni
2+

 and Zn
2+

 metal ions. For prepared samples the value of p the packing factor has been 

computed employing equation (2.5). The value of p decreases with Ni
2+

 substitution (Table 3.3). 

Packing factor depends on crystallite size. For x = 0.500, the smallest crystallite size along with 

minimum value packing factor has been obtained.  The types of strain (εu), present in prepared 

spinel ferrite samples have been calculated using the equation (2.6). The strain increases from -
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3.23 × 10
-3

 for x = 0.125 to -8.71 × 10
-3

 for x = 0.500 (Table3.3). The compressive type of strain 

has been observed for Ni
2+

 substituted samples. The strain varies inversely with crystallite size 

for prepared samples. The decrease in crystalline nature with reduction in crystallite size is key 

factor for increase in strain values. 

Table 3.3: Different structural parameters for Ni
2+

 doped Mg-Zn ferrites 

 

 Figure 3.7 shows the FT-IR spectra from 400 cm
-1

 to 1000 cm 
-1

 for Ni
2+

 added Mg-Zn ferrites  

 

Figure 3.7: FT-IR spectra of Ni
2+

 doped Mg-Zn ferrites 

x Crystallite size 

(D) nm 

Lattice constant 

(a) Å 

Inter-planar 

spacing (dhkl) Å 

Packing 

factor (p) 

Strain (εu) 

0.125 47.21 8.3847 2.5280 186.74 -3.23 ×10
-3

 

0.250 46.89 8.3846 2.5280 185.48 -3.23 ×10
-3

 

0.375 46.04 8.3755 2.5253 182.32 -4.29 ×10
-3

 

0.500 43.58 8.3392 2.5143 173.33 -8.71 ×10
-3
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The occurrence of vibrational frequency bands around 434.23 cm
-1 

to 490.38 cm
-1 

as well as 

522.76 cm
-1

 to 603.11cm
-1

 verify the cubical spinel structure for prepared samples. With Ni
2+

 

substitution the most prominent frequency bands, related to A lattice sites (Figure 3.6) displace 

towards the higher wave-number. The decrease of tetrahedral bond length with Ni
2+

 substitution 

is responsible for the shift of salient frequency bands for higher wave-number because bond 

length varies inversely with frequency of vibration. The frequency bands corresponding to B site 

vibration varies non-linearly with Ni
2+

 substitution. Some additional absorption bands at 436.06 

cm
-1

 for x = 0.250 and at 434.23 cm
-1

 for x = 0.500 have been observed. They also correspond to 

B lattice site vibration. The presence of different metal cations having different ionic radius at B 

lattice sites may be responsible for presence of these additional frequency bands. Some other 

reasons such as grain size, bond length, synthesis route etc. also play significant part in 

influencing the frequency band positions [30]. 

There is non-uniform grain growth for all samples (Figure 3.8). The micrographs display 

particles of unlike shapes and different sizes.  

 

Figure 3.8 : FE-SEM micrographs for Ni
2+

 doped Mg-Zn ferrites 
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With increase in Ni
2+

 substitution the agglomeration of nanoparticles become appreciable. The 

existence of permanent magnetic dipole moment which increases with increase in Ni
2+

 

substitution is responsible for agglomeration of nanoparticles [13].  

EDS spectra confirm the presence elements such as Mg, Fe, Zn, Ni and O. Figure 3.9 shows EDS 

spectra for all prepared samples. 

 

Figure 3.9: EDS spectra for Ni
2+

 doped Mg-Zn ferrites 

The atomic % of metal cations and anions observed in EDS spectra have been shown in Table 

3.4. The expected ratio of atomic % of cations to anion is 3:4 and observed values (Table 3.4) are 

also close to the expected values. 

Table 3.4: Values of atomic % for Ni
2+

 doped Mg-Zn ferrites 

 

 

   

 

 

 

 

 

 

 

x Atomic % 

Magnesium 

Atomic % 

Zinc 

Atomic % 

Iron 

Atomic% 

Oxygen 

Atomic % 

Nickel 

0.000 5.87 9.56 26.43 58.14 0.00 

0.125 8.44 6.71 26.91 55.05 2.89 

0.250 6.85 4.99 32.02 52.36 3.78 

0.375 6.50 3.49 31.01 53.34 5.66 

0.500 8.85 0.00 25.59 57.81 7.75 
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3.3.3   Structural, morphological and elemental properties of Mg0.5Zn0.5-xMnxFe2O4 

ferrites 

The XRD patterns of Mn
2+

 doped Mg-Zn ferrites are shown in Figure 3.10.  

 

Figure 3.10: XRD patterns of Mn
2+

 doped Mg-Zn ferrites 

The XRD peaks marked as (220), (620), (311), (400), (422), (511), (440) represent characteristic 

planes of FCC spinel structure [24]. The inset in the XRD spectra (Figure 3.10) show shift of 

prominent XRD peak (311) with Mn
2+

 substitution. The shift of prominent XRD peak confirm 

addition of Mn
2+

 ions. For x ≥ 0.250, the hematite phase has been observed. On heating iron 

hydroxides, it may get converted to hematite. The Mn doped ferrites annealed up to a 

temperature of 1173 K have also shown the existence of hematite phase [35]. For x = 0.250 and 

x = 0.375 samples the magnesium oxide formation has been observed. During sintering, the heat 
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treatment of magnesium hydroxide transforms it into magnesium oxide [33]. The presence of 

this phase of magnesium oxide for magnesium ferrite has been observed by other researchers 

also [36]. Due to the presence of X-ray diffraction peaks corresponding to magnesium oxide 

and hematite phase for Mn
2+

 doped samples, the crystallite size has been calculated by 

considering only the most prominent X-ray diffraction peak (311) using equation (2.2). The 

value of D the crystallite size shows variation from 57.05 nm to 48.68 nm (Table 3.5).  It 

decreases with Mn
2+

 substitution, except for x = 0.375. The existence of hematite phase and 

magnesium oxide may reduce the growth of spinel ferrite phase which results in the reduction 

of crystallite size. The presence of hematite phase for Mn-Zn ferrites has also been observed 

[37]. The value of dhkl the inter-planar spacing and a the lattice constant have been calculated 

from equation (2.3) and (2.4) respectively. The value of a as well as dhkl decrease (Table 3.5) up 

to x = 0.250 sample and then increases (Table 3.5). This decrease in the value of a and dhkl is on 

account of the replacement of Zn
2+

 ions (0.82 Å) of larger ionic radius with Mn
2+

 (0.66 Å) ions 

of smaller ionic radius [38]. The hematite phase may develop along the interstitial sites or lattice 

increasing the value of a and dhkl of x = 0.375, 0.500 samples. The equation (2.5) has been used 

for the estimation of p the packing factor. It varies (Table 3.5) similar to the crystallite size. For 

prepared samples the strain has been calculated using equation (2.6). The prepared samples 

show compressive strain (Table 3.5).  

Table 3.5: Different structural parameters for Mn
2+

 doped Mg-Zn ferrites 

 

The frequency bands corresponding to vibrational modes of metal cations present on A and B 

lattice sites have been confirmed with the help of FT-IR spectroscopy (Figure 3.11) 

 

 

x Crystallite size 

(D) nm 

Lattice constant 

(a) Å 

Inter-planar 

spacing (dhkl) Å 

Packing 

factor (p) 

Strain (εu) 

0.125 57.05 8.3979 2.5320 225.34 -1.63 ×10
-3

 

0.250 53.31 8.3730 2.5245 211.19 -4.59 ×10
-3

 

0.375 55.50 8.3875 2.5289 219.48 -2.86×10
-3

 

0.500 48.68 8.4059 2.5344 192.09 -6.80 ×10
-4
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Figure 3.11: FT-IR spectra of Mn
2+

 doped Mg-Zn ferrites 

The frequency band 1 from 444.48 cm
-1

 to 480.10 cm
-1

 and v2 from 522.76 cm
-1 

to 607.49 cm
-1

 

have been observed for Mn
2+

 added samples. The lower frequency band (v1) and higher 

frequency band (v2) are the fundamental vibration of metal cations situated at B and A lattice 

sites respectively [38]. The presence of these frequency bands confirms the formation of spinel 

structure. With Mn
2+

 substitution, the bands v1 and v2 move towards higher value of wave-

number. The dissimilarity in Fe
3+

-O
2-

 distances for A and B lattice sites may be the key factor 

liable for the difference in position and shift of frequency bands [39].  

It has been clearly shown in FE-SEM micrographs (Figure 3.12) that the nano-particles of 

different sizes are present for all prepared samples. For x ≥ 0.250, the agglomeration of 

nanoparticles becomes appreciable. The magnetic nature of Mn
2+

 metal ions may lead to the 

aggregation of nanoparticles. 
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Figure 3.12: FE-SEM micrographs for Mn
2+

 doped Mg-Zn ferrites 

 

EDS spectra (Figure 3.13) affirm the presence of constituent elements for Mn
2+

 doped Mg-Zn 

ferrite samples  

 

Figure 3.13 : EDS spectra for Mn
2+

 doped Mg-Zn ferrites 
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The values of atomic % for oxygen anion and metal cations have been shown in Table 3.6, the 

observed values of atomic % and ratio of atomic % of cations to anions are close to expected 

values for all prepared samples.  

Table 3.6 Values of atomic % for Mn
2+

 doped Mg-Zn ferrites 

 

 

 

 

 

 

 

 

 

 

3.4 Conclusion  

XRD patterns confirm the formation of FCC spinel structure for transition metal (M = Co
2+

, Ni
2+

 

and Mn
2+

) doped Mg-Zn ferrites. For Co
2+

 doped samples, pure spinel structure without any 

single impurity has been observed.  The formation of pure spinel structure indicates the complete 

incorporation of Co
2+ 

metal ions into their respective crystallographic lattice sites. There is 

formation of magnesium oxide for Ni
2+

 doped samples. For Mn
2+

 doped samples the hematite 

phase has been present.  The change in structural parameters of prepared samples has shown 

dependence on ionic radius of transition metal ions and their preference for crystallographic 

lattice sites. For Co
2+ 

doped samples, the non linear variation in the value of a and dhkl is due to 

metal cation allocation at lattice sites. The replacement of  larger Zn
2+

 ions by smaller Ni
2+

 metal 

ions is responsible for the variation in structural parameters of Ni
2+

 doped samples. For Mn
2+

 

doped samples, presence of hematite phase influences various structural parameters. It indicates 

that the hematite phase may grow along lattice or interstitial sites of spinel structure which leads 

to subsequent variation in structural properties. The investigation of FT-IR spectra for prepared 

samples confirm the presence of frequency bands corresponding to A and B site vibration. The 

change in the prominent frequency band positions on the addition of transition metal ions is due 

to the change in bond lengths. The surface morphology of prepared samples has been 

investigated using FE-SEM. There is non-uniform grain growth and increase in aggregation of 

x Atomic % 

Magnesium 

Atomic % 

Zinc 

Atomic % 

Iron 

Atomic % 

Oxygen 

Atomic % 

Manganese 

0.000 5.87 9.56 26.43 58.14 0.00 

0.125 6.60 6.69 30.01 55.23 1.47 

0.250 6.81 5.76 25.63 58.65 3.14 

0.375 6.43 5.49 30.58 52.09 5.41 

0.500 7.21 0.00 33.65 51.22 7.92 
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nanoparticles with substitution of transition metal ions. It signifies that the presence of 

permanent magnetic moment is responsible for the agglomeration of spinel ferrite nanoparticles. 

EDS spectra for prepared samples confirm the presence of elements corresponding to their 

chemical compositions. The observed ratios of atomic % of cations to anion are close to the 

expected values. It confirms that the stoichiometry is maintained for all prepared samples.  
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This chapter describes the theoretical cation distribution in crystallographic lattice sites with 

respect to the choice of metal ions for A or B sites and XRD results for transition (M = Co
2+

, Ni
2+

 

and Mn
2+

) metal doped Mg-Zn ferrites. Several theoretical parameters calculated using the cation 

distribution have been discussed.  

4.1  Introduction 

Ferrite nano-particles crystallize into face centered cubical spinel structure. They belong to Fd3m 

space group having closed pack arrangement of 24 metal cations and 32 oxygen anions [1]. 

There are two different types of crystallographic lattice sites, i.e. A and B sites in spinel 

structure. The 8 cations are distributed in A lattice sites and remaining ones occupy 16 B lattice 

sites which makes spinel structure electrically neutral [2].  

Normal, inverse and mixed spinel are the three types of spinel structures. The crystallization of 

spinel ferrites in these structures depend upon the metal cation distribution in crystallographic 

lattice sites [3]. The octahedral lattice sites are large as compared to tetrahedral sites. So the 

divalent metal ions which are larger in comparison to trivalent metal ions prefer to occupy 

octahedral sites and smaller trivalent ions can occupy tetrahedral as well as octahedral sites. Zn
2+

 

and Cd
2+

 metal ions because of their electronic configuration prefer tetrahedral bonding with 

oxygen anions, therefore they occupy the tetrahedral sites [2]. In few cases of nano-ferrites, the 

Zn
2+

 ions have also been reported to occupy the octahedral (B) sites [4].  

On the account of preference of metal cations to occupy lattice sites the cation distribution for 

spinel ferrites can be proposed. Several theoretical parameters can be calculated using proposed 

cation distribution which may be useful in the analysis of different physical properties of spinel 

ferrites. Various research groups have reported about the cation distribution and have calculated 

different theoretical parameters for spinel ferrites [5, 6]. The cation distribution also helps in 

understanding the magnetic properties of spinel ferrites by investigating cation-anion distances 

and bond angles. Patange et al. have reported cation distribution for chromium substituted nickel 

ferrites and explained magnetic behavior with the help of proposed cation distribution [7]. The 

X-ray diffraction results can also be used to propose cation distribution if R (agreement factor) 

has the least value. The value of R corresponds to the difference of the ratios for X-ray 

diffraction intensity of the calculated and experimentally observed peaks for a particular set of 
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diffraction pairs. Reflections at (220), (440) and (400) are considered sensitive for estimation of 

agreement factor because these peaks are not sensitive to temperature and absorption factors [6]. 

Considering preference of metal cations for crystallographic lattice sites and X-ray diffraction 

(XRD) results, the cation distribution have been studied for transition metal (M = Co
2+

, Ni
2+

 and 

Mn
2+

) added Mg-Zn ferrites. The parameters such as mean ionic radii, theoretical lattice 

parameter, tetrahedral edge length, etc. have been calculated theoretically.  

4.2  Cation distribution for Mg0.5Zn0.5-xCoxFe2O4 ferrites 

 
In Mg0.5Zn0.5-xCoxFe2O4 ferrites, Zn

2+
 metal ions prefer to occupy A sites while Mg

2+
 and Co

2+
 

metal ions have choice to occupy B sites [2]. The trivalent Fe
3+

 metal ions can occupy any of the 

A or B lattice sites. The ionic radius of metal ions i.e. Mg
2+

 (0.72 Å), Fe
3+

 (0.67 Å), Zn
2+

 (0.82 

Å) and Co
2+

 (0.74 Å) plays an essential part in cation distribution [8, 9]. After taking XRD results 

and preference of metal cations into account, the most appropriate cation distribution for 

Mg0.5Zn0.5-xCoxFe2O4   ferrites has been proposed (Table 4.1). 

Table 4.1: Proposed cation distribution for Mg0.5Zn0.5-xCoxFe2O4 ferrites 

 

 

 

 

 

 

 

 

The rA mean ionic radii corresponding to A and rB mean ionic radii corresponding to B lattice 

sites have been calculated according to cation distribution using following equations [10];  

    
]....[ 33222222  

FeFeCoCoZnZnMgMgA rCrCrCrCr
          

(4.1)
    

                               

  
]....[5.0 33222222  

FeFeCoCoZnZnMgMgB rCrCrCrCr
     (4.2)

 

where C is the ionic concentration and r is the ionic radii of metal cations. Figure 4.1 shows the 

change in mean value of rA and rB  with cobalt substitution.  

x A- site B- site 

0 Fe0.5 Zn0.5 Fe1.5Mg0.5  

0.125 Fe0.625 Zn0.375  Fe1.375Mg0.5 Co0.125  

0.250 Fe0.625 Zn0.250 Mg0.125 Fe1.375Mg0.375Co0.250  

0.375 Fe0.750 Zn0.125 Mg0.125 Fe1.250Mg0.375 Co0.375  

0.500 Fe1.0 Fe1.0 Mg0.5Co0.5  
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Figure 4.1: Variation of mean ionic radii of A and B lattice sites with Co
2+

 substitution 

 

The mean value of rA decrease with Co
2+ 

substitution (Table 4.2). It is due to the replacement of 

Zn
2+

 metal ions of larger ionic radius from A lattice sites with smaller trivalent Fe
3+

 metal ions. 

The mean value of rB increase with Co
2+

substitution. The incorporation of larger Co
2+

 metal ions 

in B lattice sites and migration of smaller trivalent Fe
3+

 metal ions to A lattice sites increases the 

mean ionic radii of B lattice sites. The cobalt metal ions prefer to reside in B lattice sites which 

results in the migration of Fe
3+

 metal ions from B lattice sites to A lattice sites [9]. The ath the 

theoretical lattice parameter has been calculated using the equation [10]; 

                           
)](3))[(33/8( oBoAth RrRra 

   
                           (4.3) 

where Ro  represents the oxygen anion radius which is 1.32 Å.  The ath decreases with Co
2+

 

substitution (Table 4.2). It is due to the replacement of Zn
2+

 (0.82 Å) metal ions with Co
2+ 

(0.74 

Å) metal ions [8]. The difference in experimental (Table 3.1) and theoretical lattice parameter is 

because of the approximation considered for the calculation of theoretical lattice parameter. The 

approximation considered the unit cell as an ideal one having anions and cations as rigid spheres 

arranged in a regular array [11]. Figure 4.2 shows the change in ath and a with Co
2+

 substitution. 
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Table 4.2: Several structural parameters calculated theoretically using proposed cation distribution  

 

 

 

Figure 4.2: Variation of aexp and ath with Co
2+

 substitution 

 

 The value of u the oxygen positional parameter has been computed using equation [10]; 

                          
4/1))(3/1(  oAth Rrau                                                 (4.4) 

It decreases (Table 4.2) with Co
2+ 

substitution. The A lattice sites are small enough to adjust 

metal cations, so oxygen anions connected with octahedral sites slightly move to incorporate 

them. This results in the contraction of the B sites by the amount equivalent to A sites expansion. 

This type of drift of O
2-

 ions represent the oxygen positional parameter [10]. Figure 4.3 shows 

the change in u with Co
2+

 substitution.  

x rA 

(Å) 

rB 

(Å) 

ath 

(Å) 

u 

(Å) 



(Å) 

RA 

(Å) 

RB 

(Å) 

R 

(Å) 

R
'
 

(Å) 

R
''
 

(Å) 

0 0.745 0.682 8.517 0.3899 0.0143 2.030 1.989 3.328 2.619 2.984 

0.125 0.726 0.686 8.499 0.3889 0.0139 2.023 1.993 3.304 2.643 2.983 

0.250 0.713 0.688 8.484 0.3883 0.0133 2.003 1.986 3.272 2.642 2.966 

0.375 0.695 0.692 8.467 0.3873 0.0123 1.963 1.968 3.206 2.631 2.926 

0.500 0.670 0.700 8.450 0.3859 0.0109 1.973 2.009 3.222 2.705 2.970 
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Figure 4.3: Variation of oxygen positional parameter (u) with Co
2+

 substitution 

In ideal spinel ferrite structure [9] all O
2-

 anions behave identically which result in the perfect 

closed cubical packing having the ideal value of uideal
 
equal to 0.375 Å. But, actually the real 

spinel lattice is marginally distorted. The computed values of u for these samples (Table 4.2) are 

larger than 0.375 Å. This is due to the movement of oxygen anions towards A lattice sites. The 

value of u shows a decrease on Co
2+

 substitution (Table 4.2). The enlargement of A lattice sites 

decreases on Co
2+

substitution, since the smaller Fe
3+

 metal ions migrated from B lattice sites 

have to be accommodated in A lattice sites [9, 11]. RA and RB the cation-anion lengths for A and 

at B lattice sites respectively have been computed from the following relations [11]; 

                                                   )8/1(3  aRA                                                                 (4.5) 

                                              

2/12 )3
216

1
( 


aRB

                                                                 (4.6) 

where, idealuu 
 
is inversion parameter and a is the experimental lattice parameter.  The δ 

value decreases (Table 4.2) on Co
2+

 substitution. The variation in inversion parameter is in 

accordance with oxygen positional parameter.  RA represents the minimum distance for the A site 

metal cation and O
2-

 anion and RB  the minimum distance for the B site metal cation and O
2-

 

anion. The calculated RA and RB values (Table 4.2) depend on the values of u and a. The change 

in RA and RB is due to the replacement of larger Zn
2+

 metal cations from A lattice sites by Co
2+

 

ions causing the transfer of smaller Fe
3+

 cations from B to A lattice sites. R the tetrahedral edge 
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length, R
'
 the shared octahedral length and R

''
 the unshared octahedral edge length have been 

computed from the equations [12]; 

                                       )5.02)(2(  uaR                                                           (4.7) 

                                     )21)(2(' uaR                                                                          (4.8) 

                              ))16/11(34('' 2  uuaR                                                          (4.9) 

The calculated values of R, R
'
 and R

'’
 have been shown in Table 4.2.  The values of R and R

''
 

decrease with Co
2+

 substitution up to x = 0.375. Their variation with Co
2+ 

shows dependence on 

the value of a.  

4.3  Cation distribution for Mg0.5Zn0.5-xNixFe2O4 ferrites 

 
For Mg0.5Zn0.5-xNixFe2O4 ferrites, Mg

2+
 and Ni

2+
 ions show preference to occupy the B lattice 

sites where as Zn
2+

 ions prefer to reside at the A lattice sites [2]. The trivalent Fe
3+

 metal ions 

can occupy any of these lattice sites [2]. Table 4.3 gives the most suited cation distribution using 

the experimental XRD data and taking the choice of metal cations for their respective 

crystallographic sites in consideration. 

Table 4.3: Proposed cation distribution for Mg0.5Zn0.5-xNixFe2O4 ferrites 

 

 

 

 

.  

 

 

The rA mean ionic radii corresponding to A and rB mean ionic radii corresponding to B lattice 

sites have been calculated using equations [10]; 

                         
]....[ 33222222  

FeFeNiNiZnZnMgMgA rCrCrCrCr
                                   (4.10)                                                            

                     
]....[5.0 33222222  

FeFeNiNiZnZnMgMgB rCrCrCrCr
                             (4.11) 

The value of rA decreases (Table 4.4) with Ni2+ substitution. This is because of the substitution of 

Ni2+ (0.69 Å) [13] metal ions, which replaces larger Zn2+ (0.82 Å) metal ions from A lattice sites 

x A- site B - site 

0 Fe0.5 Zn0.5 Fe1.5Mg0.5  

0.125 Fe0.625 Zn0.375  Fe1.375 Mg0.5 Ni0.125  

0.250 Fe0.750 Zn0.250  Fe1.250 Mg0.5Ni0.250  

0.375 Fe0.875 Zn0.125  Fe1.125 Mg0.5 Ni0.375  

0.500 Fe1.0 Fe1.0 Mg0.5Ni0.5  
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with smaller Fe3+ (0.67 Å) metal ions. The value of rB lattice increases (Table 4.4) with Ni2+ 

substitution. This is due to the incorporation of larger Ni2+ metal ions and transfer of smaller 

Fe3+ metal ions towards A lattice sites. Figure 4.4 shows the change in rA and rB with Ni2+ 

substitution.  

 

Figure 4.4: Variation of rA and rB with Ni
2+

 substitution 

 

For Ni2+ doped samples, ath has also been calculated using equation (4.3). The theoretical lattice 

parameter decreases with Ni2+ substitution (Table 4.4) as the smaller Ni2+ metal ions replace the 

larger Zn2+ metal ions .  The observed values of  theoretical lattice parameter (Table 4.4) and 
 

experimental lattice parameter (Table 3.3) indicate that they are in good agreement. There is a 

small difference between experimental and theoretical lattice parameter because for the 

calculation of theoretical lattice parameter the unit cell considered is ideal one having regularly 

arranged anions and cations [14].  

Table 4.4: Several structural parameters calculated theoretically using proposed cation distribution  

x rA 

(Å) 

rB 

(Å) 

ath 

(Å) 

u 

(Å) 

 

(Å) 

RA 

(Å) 

RB 

(Å) 

R 

(Å) 

R
'
 

(Å) 

R
''
 

(Å) 

0.125 0.726 0.683 8.491 0.3891 0.0141 2.020 1.985 3.298 2.630 2.973 

0.250 0.707 0.685 8.467 0.3882 0.0132 2.007 1.991 3.277 2.651 2.972 

0.375 0.688 0.686 8.440 0.3873 0.0123 1.991 1.996 3.252 2.669 2.968 

0.500 0.670 0.687 8.415 0.3865 0.0115 1.971 1.993 3.219 2.677 2.954 
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Equation (4.4) has been employed to calculate the value of u. It decreases with Ni
2+

 substitution 

(Table 4.4). The migration of smaller Fe
3+

 metal ions from B lattice sites to A lattice sites on 

Ni
2+

 substitution decreases A lattice site expansion resulting in the decrease of parameter u. 

Figure 4.5 shows the variation of oxygen positional parameter with Ni
2+

 substitution.  

 

 

Figure 4.5: Variation of oxygen positional parameter (u) with Ni
2+

 substitution 

 

The inversion parameter decreases with Ni
2+

 substitution (Table 4.4). The variation in the value 

of δ is in accordance with that of oxygen positional parameter. RA the tetrahedral bond length and 

RB the octahedral bond length have been calculated using equation (4.5) and (4.6) respectively. 

The tetrahedral bond length decreases with Ni
2+

 substitution (Table 4.4). The Ni
2+

 substitution 

transfers smaller Fe
3+

 metal ions from B lattice sites to A lattice sites which decrease the mean 

value of rA with subsequent decrease of RA. The variation in RB is non-linear with Ni
2+ 

substitution, which may be due to the occurrence of different unequal ionic radius metal ions 

(Fe
3+

, Mg
2+

 and Ni
2+

) at B lattice sites.  

The values for R, R' and R" have been computed from equation (4.7), (4.8) and (4.9) 

respectively. The metal ions distribution at A and B lattice sites causes the change in the R, R' 

and R" values (Table 4.4) [5]. The decrease in the value of R (Table 4.4) with Ni
2+

 addition is    
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due to the reduction in rA. On the other hand the increase in rB with Ni
2+

 addition leads to 

increase of R and R (Table 4.4). 

4.4  Cation distribution Mg0.5Zn0.5-xMnxFe2O4  ferrites 

 
In Mg0.5Zn0.5-xMnxFe2O4 ferrites, Mg

2+
 and Mn

2+ 
ions have choice to reside at the B and A lattice 

sites respectively [15]. Ionic radius of metal cations play important role in deciding their 

preference for lattice sites. Mn
2+

 is a divalent metal cation, but due to its smaller size than Fe
3+

 

metal ion, the Mn
2+

 metal ions selects to reside at A sites [2]. Zn
2+

 ions choice for A lattice sites, 

while Fe
3+

ions can occupy any of the A or B lattice sites. Table 4.5 presents the most appropriate 

cation distribution for Mg0.5Zn0.5-xMnxFe2O4 ferrites, based on the choice of metal ions for 

crystallographic sites and experimental XRD results.  

Table 4.5: Proposed cation distribution for Mg0.5Zn0.5-xMnxFe2O4 ferrites 

 

 

 

 

 

 

 

 

The rA mean ionic radii corresponding to A and rB mean ionic radii corresponding to B lattice 

sites have been calculated by using equations [10];  

                   
]....[ 33222222  

FeFeMnMnZnZnMgMgA rCrCrCrCr
                                   (4.12)                                                            

                     
]....[5.0 33222222  

FeFeMnMnZnZnMgMgB rCrCrCrCr
                               (4.13) 

The mean ionic radii rA and rB decrease with the addition of Mn2+ (Table 4.6).  The smaller Mn2+ 

(0.66 Å) metal ions replace the larger Zn2+ (0.82 Å) metal ions, thus migrating the Fe3+ (0.67 Å) 

towards A lattice sites and decreases the rA. Some Mn2+  ions present at B lattice sites causes the 

observed variation in mean ionic radii of rB.  

The ath relies on the ionic radii of the metal cations. Equation (4.3) has been used to compute ath. 

It decreases with Mn2+ substitution (Table 4.6). It is due to the substitution of Mn2+ (0.66 Å) 

metal ions by replacing Zn2+ (0.82 Å) metal ions. 

x A- site B-  site 

0 Fe0.5 Zn0.5 Fe1.5Mg0.5  

0.125 Fe0.525 Zn0.375 Mn0.1 Fe1.475Mg0.5 Mn0.025  

0.250 Fe0.550 Zn0.250 Mn0.2 Fe1.450Mg0.5Mn0.050 

0.375 Fe0.575 Zn0.125 Mn0.3 Fe1.425Mg0.5 Mn0.075  

0.500 Fe0.6 Mn0.4 Fe1.4Mg0.5Mn0.1  



“Cation distribution for transition metal doped Mg-Zn ferrites “         

 

74 
 

Equation (4.4) has been used to compute the u value, which reduces with Mn2+ addition as 

shown in Table 4.6. The smaller Fe
3+

 migrate from B- to A-sites on Mn
2+

 substitution. This 

results in  restricted enlargement of A-sites causing reduction in the u value. The  RA and RB bond 

lengths have been calculated using equation (4.5) and (4.6) respectively. The inversion parameter 

decreases with Mn
2+

substitution (Table 4.6). The tetrahedral bond length decreases (Table 4.6) 

with increasing Mn
2+

 content.  The decrease in rA with Mn
2+

 substitution is responsible for 

decrease in RA. While the RB enhances (Table 4.6) with Mn
2+

 substitution. The equations (4.7), 

(4.8) and (4.9) respectively have been used to compute of edge lengths R, R and R  values. 
 

R the tetrahedral edge length reduces on adding Mn
2+

 metal cations (Table 4.6) on account of the 

decrease in rA. The variation of  R ,R  is credited to the distribution of metal cations in A and B 

lattice sites. The R  enhances (Table 4.6) on Mn
2+

 addition and the R  (Table 4.6) shows 

variation in accordance with a. 

 

Table 4.6: Several structural parameters calculated theoretically using proposed cation distribution  

 

4.5  Conclusion 

Taking choice of metal cations for crystallographic sites and experimental results of XRD results 

into consideration the chapter suggests the suitable distribution of cations for transition metal 

(M) doped Mg-Zn ferrites. The cation distribution provides a useful mean to investigate the 

various structural parameters of spinel ferrites. The observed variation in theoretically calculated 

structural parameters is mainly due to the dissimilarity in ionic radius of metal cations. The 

tetrahedral and octahedral mean ionic radii have been calculated for all prepared samples. The 

alteration in rA and rB depends on the ionic radius as well as on the preference of metal cations 

        x    rA  

(Å) 

 rB  

(Å) 

ath  

(Å) 

   u 

 (Å) 

 

 (Å) 

RA   

(Å) 

RB  

(Å) 

R 

(Å) 

R
'
 

(Å) 

R
''
 

(Å) 

0.125 0.7252 0.6823 8.488 0.3891 0.0141 2.023 1.9881 3.304 2.634 2.978 

0.250 0.7055 0.6822 8.457 0.3882 0.0132 2.004 1.9888 3.272 2.647 2.968 

0.375 0.6857 0.6821 8.426 0.3874 0.0124 1.996 1.9982 3.259 2.671 2.972 

0.500 0.6660 0.6820 8.396 0.3865 0.0115 1.987 2.0094 3.245 2.698 2.978 
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for their respective crystallographic lattice sites. The investigation of theoretical lattice parameter 

for all prepared samples is in close agreement with experimental lattice parameter which also 

validates the proposed cation distribution. But, the variation in theoretically and experimentally 

calculated lattice parameter matches best with each other for Ni
2+

 doped samples as compared to 

Co
2+

 and Mn
2+

 doped samples. The oxygen positional parameter decreases for all prepared 

samples with increase in substitution of transition metal ions. The replacement of larger Zn
2+

 

metal ions with smaller transition metal ions reduces tetrahedral sites expansion which is 

responsible for the decrease in oxygen positional parameter. The minimum value of inversion 

parameter has been observed for ferrite sample having maximum content of Co
2+

. The 

tetrahedral and octahedral bonds lengths have been calculated for all prepared samples using 

proposed cation distribution. The distribution of metal cations in their corresponding 

crystallographic lattice sites plays dominant role in deciding the variation of tetrahedral and 

octahedral bonds lengths. The distribution of cations indicate that the preference of metal cations 

for crystallographic lattice sites and their ionic radii plays important role in varying the various 

structural parameters of spinel ferrites.  
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This chapter describes the magnetic studies of transition metal (M = Co
2
, Ni

2+ 
and Mn

2+
) doped 

Mg-Zn ferrites. Several parameters such as coercivity, retentivity, saturation magnetization etc. 

which are important to explain the magnetic nature of prepared samples have been calculated.  

5.1  Introduction  

Nanoparticles of spinel ferrites have fascinated the scientific community for their distinctive and 

interesting magnetic properties. These magnetic nanoparticles show importance in various 

applications like information storage, magnetic recording, power transformers, magnetic 

resonance imaging, magnetically targeted delivery of drugs, magnetic hyperthermia and 

magnetic contrast agents etc. [1-5]. Bhongale et al. have reported that the higher saturation 

magnetization in Nd
3+ 

substituted Mg-Cd spinel nano ferrites make them useful in high density 

recording applications [6]. Mansour et al. have investigated the Cr
3+

 doped manganese-zinc nano 

ferrites and reported that they are valuable in computer memories and magnetic recording 

applications [7].  

Mg-Zn ferrite is one of the vital metal oxide system among spinel ferrites due to its soft magnetic 

nature, high resistivity, low dielectric losses, high Curie temperature, cost effectiveness and 

superior environmental persistence [8]. There are numerous reports in the literature on magnetic 

properties of Mg-Zn ferrites [8, 9].  Mg-Zn spinel ferrites are useful in several technologically 

important applications such as memory recording devices, loading coils, recording heads, 

transformer cores and microwave devices [9]. These also show potential applications in 

biomedical and sensing applications. The Mg-Zn spinel ferrites can be explored for magnetic 

hyperthermia applications [10]. These materials are also suitable for sensor based applications 

[11].  

The magnetic behavior of spinel ferrites is decided by the magnitude of A-B super-exchange 

interaction between metal cations. But, in Mg-Zn ferrite system, the Mg
2+

 and Zn
2+

 metal ions 

are diamagnetic in nature and hence decrease the magnitude of super-exchange interaction [12, 

13]. The placement of metal cations in crystallographic lattice sites play key role in deciding the 

magnitude of A-B super-exchange interaction. In order to enhance the magnitude of A-B super-

exchange interaction the replacement of Zn
2+

 metal ions with magnetic metal ions may be useful. 

The divalent Zn
2+

 ions have strong preference for tetrahedral sites (A) and their replacement with 
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magnetic metal ions will align magnetic metal ions in antiparallel arrangement which may result 

in enhancement of A-B super-exchange interaction [14]. Among various metal ions the 

substitution of transition metal ions is known for modifying the magnetic properties of spinel 

ferrites [15]. Co
2+

 metal ions are considered as useful dopant because of large coercivity, 

chemical stability, moderate saturation magnetization and good mechanical strength [16]. The 

large magneto-crystalline anisotropy of Co
2+ 

metal ions enhances the A-B super-exchange 

interaction as well as their magnetic behaviour. The substitution of Ni
2+

 metal ions also leads to 

modification in the magnetic behaviour of spinel ferrites [17, 18]. Ni
2+

 metal ions have magnetic 

moment of 2 μB and are of soft magnetic nature [19]. Several authors have reported for the Ni
2+

 

substituted ferrites. Padmapriya et al. have reported that the substitution of ferromagnetic Ni
2+

 

doping on replacing Zn
2+

 metal ions enhances the coercivity of zinc ferrite [20]. Jalaiah et al. and 

Topkaya et al. and have explained that the substitution of Ni
2+

 metal ions increase the coercivity 

of Mn –Zn and Mn spinel ferrites respectively [21, 22]. Numerous reports show the substitution 

of Mn
2+

 metal ions to alter the magnetic characteristics of spinel ferrites. Mn
2+

 doped Zn ferrites 

show high permeability with low magnetic losses [23]. The Mn
2+

 added Mg-Zn spinel ferrites 

may also be explored for high frequency device applications [24]. The possible bio-compatibility 

and desired thermal properties also make Mn
2+

 doped spinel ferrites useful for hyperthermia 

applications [25].In the present work the divalent Zn
2+

 metal ions have been replaced by 

transition metal (M = Co
2+

, Ni
2+

 and Mn
2+

) metal ions to modify the magnetic properties of Mg-

Zn ferrites. 

5.2  Experimental details 

The transition metal (M) doped Mg-Zn ferrites have been synthesized using co-precipitation 

route described with detail in section 2.3. The magnetic properties for prepared powdered 

samples have been investigated using Vibrating sample magnetometer (PAR-155). The magnetic 

field in the range -10 kOe to +10 kOe has been applied for magnetic measurements.  

5.3  Results and discussion 

In this section, the magnetic properties of transition metal (M) doped Mg-Zn ferrites have been 

described.  
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5.3.1 Magnetic properties of Mg0.5Zn0.5-xCoxFe2O4 ferrites 

The M-H curves for Mg0.5Zn0.5−xCoxFe2O4 ferrite samples have been shown in figure 5.1. 

 

Figure 5.1: M-H curves for Mg0.5Zn0.5−xCoxFe2O4 ferrites 

For x = 0 and 0.125 samples, typical S shaped curves have been observed. The presence of S 

shaped curves for these samples signify their superparamagnetic character. Figures 5.2 show 

zoomed M-H curves for x = 0 and x = 0.125 samples which confirm the superparamagnetic 

nature. The presence of superparamagnetic character indicate that the thermal energy have been 

sufficient to overcome the magneto-crystalline anisotropy which holds the magnetic ordering in 

certain directions [26]. The Mg
2+

 and Zn
2+

 metal ions are diamagnetic in nature and do not 

contribute to magneto-crystalline anisotropy.  The magneto-crystalline anisotropy is contributed 

only by trivalent Fe
3+

 metal ions which may not be enough to keep the magnetic ions in 

particular direction. The presence of superparamagnetism indicates that the blocking temperature 

have been overcome by thermal energy [27]. The less disorder in spin leads to decrease in 

magneto-crystalline anisotropy which may also be responsible for superparamagnetic behaviour 

[28]. 
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Figure 5.2 : Zoomed image of M-H curves for Mg0.5Zn0.5-xCoxFe2O4 ferrite samples 

The magnetic nature of prepared samples transform from superparamagnetic to ferrimagnetic for 

x > 0.125. The substitution of Co
2+ 

metal ions create anti-parallel alignment between trivalent 

Fe
3+

 and divalent Co
2+  

ions at A and B  sites respectively. The anti-parallel alignment between 

Co
2+

 and Fe
3+

 ions enhances the A-B super-exchange interaction which may be responsible for 

transition of magnetic character of prepared samples from super-paramagnetic to ferrimagnetic 

[29]. The zoomed M-H curves for prepared samples (Figure 5.2 (c-e)) which clearly indicate that 

x = 0.250, x = 0.375 and x = 0.500 sample are ferrimagnetic in nature. The coercivity (Hc ) and 

retentivity (Mr) values increase (Table 5.1) with increase in Co
2+

 substitution. It is due to the 

large magneto-crystalline anisotropy of Co
2+

 metal ions because of strong L-S coupling and 

three unpaired electrons [30]. The magneto-crystalline anisotropy, shape anisotropy, size 

anisotropy and surface anisotropy are the major factors influencing the value of coercivity [31]. 

The magneto-crystalline anisotropy is mainly responsible for the variation in coercivity. The 

value of Ka for Co
2+

 is +ve as it has single easy magnetization axis [31].  
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Table 5.1: Magnetic parameters calculated for Mg0.5Zn0.5−xCoxFe2O4  

 

 

 

 

 

 

 

 

For x > 0.125, the value of Ka has been calculated according to Stoner- Wohlfarth theory using 

equation (2.7).The anisotropy constant increases with Co
2+

 substitution (Table 5.1). The values 

of anisotropy constant indicate that the free and easy movement of domain walls get inhibited. 

Stoner–Wohlfarth theory states that the saturation magnetization and coercivity are related 

inversely with each other [32] and the same has been observed for x > 0.125. Figure 5.3 shows 

the change in values of Hc and Ms with cobalt content. 

 

Figure 5.3: Variation of Hc and Ms with cobalt substitution 

The equation (2.8) has been used to calculate the observed magnetic moment (ηB) for prepared 

samples. The value of magnetic moment varies between 1.42 μB to 2.32μB.  This change in 

magnetic moment (Table 5.1) is in accordance with variation in the value of Ms. The value of the 

remanence ratio (R) has been calculated using equation (2.9). The value of R has shown variation 

 x Mr 

( emu/gm) 

 Hc 

(Oe) 

 Ms 

(emu/gm) 

ηB 

(μB) 

Ka 

(erg/cm
3
) 

R 

 

0 - - 36.18 1.42 - - 

0.125 - - 50.92 2.00 - - 

0.250 4.95 66.40 59.41 2.32 4025.33 0.083 

0.375 6.11 73.72 58.52 2.28 4402.13 0.104 

0.500 16.60 883.40 37.30 1.48 34524.71 0.433 
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from 0.083 to 0.433. Remanence ratio signifies that how easily the magnetization gets aligned 

along the direction of easy axis on removing the applied magnetic field [33]. The increase in 

remanence ratio (Table 5.1) confirms the emergence of anisotropic behaviour for prepared 

samples.  

The super-exchange interaction among metal ions at A and B crystallographic sites is responsible 

for magnetic properties in spinel ferrites. The magnetic moment for the non-collinear alignment 

of cations at A and B crystallographic sites have collinear spin arrangement, known as Neel’s 

collinear arrangement.  

Figure 5.4 shows the collinear arrangement of spins suggested by Neel. 

 

 

Figure 5.4: Neel's collinear and Yafet-Kittel’s non-collinear arrangement of spins  

 

 

According to proposed cation distribution (Table 4.1) and utilizing the magnetic moment values 

of Mg
2+

 (0 µB), Zn
2+ 

(0 µB), Fe
3+

 (5 µB) and Co
2+

 (3 µB) metal ions, the net magnetic moment 

(Mcal.) has been calculated using equation [34]; 

 

                                      ABcal MMM 
.                                                                     (5.1)

 

where MA and MB represent net magnetic moment of respective lattice sites at A and B. The 

value of Mcal. changes from 5 μB to 1.5 μB (Table 5.2) with increase in Co
2+

 substitution. Using 
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proposed cation distribution (Table 4.1) the cation-anion distances, cation- cation distances and 

bond angles between different ion pairs have been calculated. This helps to further analyze the 

effect of Co
2+

 substitution on magnetic exchange interactions.  

Figure 5.5 shows cation- anion and cation-cation pairs with their distances and angles between 

them.  

 

Figure 5.5: The interionic distances and bond angles  

The interionic distances have been computed employing following equations [35]; 

For cation–anion inter distances 

                                             
))8/5(( uap                                                                       (5.2) 

                                   3))8/1()3/1((  uas                                                                      (5.3) 

where p and s are the interionic distance separating cation at B site and O
2-

 anion. 

                                          11)4/1(  uar                                                                   (5.4) 

                                          3)4/1(  uaq                                                                            (5.5) 

where r and q are the interionic distance separating cation at A site and O
2-

 anion. 

For cation-cation inter distances 
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                                              2)4/(ab                                                                           (5.6) 

                                            6)4/(af                                                                             (5.7) 

where b and  f are the interionic distance between cations situated at two different B sites.  

                                             11)8/(ac                                                                             (5.8) 

                                             3)8/3( ae                                                                             (5.9) 

where c and e  are the interionic distance between A site cation and  B site cation. 

                              3)4/(ad                                                 (5.10) 

where d is the distance between cations situated at two different A sites. 

The calculated values of interionic distances are shown in Table 5.2. 

 Table 5.2: Net calculated magnetic moment and interionic distances forMg0.5Zn0.5−xCoxFe2O4 ferrites 

 

The bond angles have been computed employing interionic distances (Table 5.2) using the 

following equations [36]. 

                                     ]2/)[(cos 2221

1 pqcqp                                                    (5.11) 

where θ1 is the angle between inter-ionic distance p and inter-ionic distance q. 

 

                                    ]2/)[(cos 2221

2 prerp                                                (5.12) 

where θ2  is the angle between inter-ionic distance p and inter-ionic distance r. 

 

x Mcal. 

(μB) 

p 

(Å) 

q  

(Å) 

r  

(Å) 

s  

(Å) 

b 

 (Å) 

c  

(Å) 

d  

(Å) 

e  

(Å) 

f 

 (Å) 

0 5.00 1.977 2.038 3.902 3.714 2.973 3.486 3.642 5.463 5.131 

0.125 4.125 1.986 2.023 3.874 3.710 2.973 3.487 3.642 5.464 5.131 

0.250 4.500 1.980 2.000 3.836 3.686 2.957 3.467 3.622 5.433 5.103 

0.375 3.625 1.962 1.966 3.759 3.634 2.919 3.422 3.575 5.363 5.037 

0.500 1.500 2.00 1.973 3.778 3.683 2.964 3.475 3.630 5.446 5.114 
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                                    ]2/)2[(cos 2221

3 pbp                                                      (5.13) 

where θ3  is the angle between two different p inter-ionic distances.  

                                    ]2/)[(cos 2221

4 psfsp                                                  (5.14) 

where θ4   is the angle between inter-ionic distance p and inter-ionic distance s. 

                                    
]2/)[(cos 2221

5 rqdqr                                                         (5.15) 

where θ5 is the angle between inter-ionic distance q and inter-ionic distance r. 

The values obtained for interionic bond angles have been shown in Table 5.3.  The bond angle 

θ1, θ2 and θ5 increase while θ3 and θ4 decrease with Co
2+

 substitution. The increase in value of θ1, 

θ2 and θ5 signify the enhancement of A-B and A-A exchange interaction while the decrease of θ3 

and θ4 indicate decrease in the strength of B-B exchange interactions. [37]. The Co
2+

 ions at B 

sites and Fe
3+

 ions at A sites enhances the A-B super-exchange interaction. Alike variation in 

magnetic exchange interactions has been described for various other spinel ferrites [37]. 

Yafet–Kittel (Y-K) model has also been used to get insight about the magnetic exchange 

interactions and spin arrangement. Y-K model states that the B sub-lattice can be alienated into 

B1 and B2 sublattice. The B1 and B2 sub-lattices have non-collinear arrangement of spin which is 

also known as triangular spin arrangement [38]. Figure 5.4 shows the Yafet-Kittel non collinear 

arrangement of spin. The calculation of Y-K angles (αY-K) has been done using equation (2.10). 

The Y-K angles decreases (Table 5.3) from αY-K = 58.48 for x = 0 to αY-K = 22.61 for x = 0.500. 

This indicates the enhancement of the A-B super-exchange interaction and the transition of non-

collinear arrangement of spin to collinear arrangement. 

 

Table 5.3: Bond angles and Y-K angles for Mg0.5Zn0.5−xCoxFe2O4 ferrites 

 

 

 

 

 

 

 

 

 
 

 

x  θ1 θ2 θ3 θ4 θ5  αY-K 

0 120.53 133.91 97.51 126.91 67.37 58.48 

0.125 120.78 134.80 97.07 126.82 67.96 45.24 

0.250 121.06 135.83 96.58 126.71 68.64 50.15 

0.375 121.35 136.88 96.09 126.62 69.33 46.67 

0.500 121.60 137.82 95.67 126.52 69.95 22.61 
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5.3.2 Magnetic properties of Mg0.5Zn0.5-xNixFe2O4 ferrites 

Figure 5.6 shows the room temperature M-H curves for Mg0.5Zn0.5-xNixFe2O4 ferrites. 

 

Figure 5.6: M-H curves for Mg0.5Zn0.5−xNixFe2O4 ferrites 

 

The magnetic behaviour changes from superparamagnetic to soft ferrimagnetic behaviour with 

Ni
2+

 substitution. The magnetic Ni
2+

 metal ions having magnetic moment of 2µB are responsible 

for transition from superparamagnetic to ferrimagnetic nature. Figure 5.7 shows the zoomed 

image of M-H curves for Mg0.5Zn0.5−xNixFe2O4 ferrite samples which clearly indicate the 

presence of ferrimagnetic nature for prepared samples (x ≥ 0.125).  

The substitution of Ni
2+

 metal ions enhances the magneto-crystalline anisotropy. This enables the 

samples to be capable of sustaining magnetic order in certain direction and show soft 

ferrimagnetic nature. Several authors have reported presence of soft magnetic nature for Ni
2+

 

doped spinel ferrites [20-22]. 
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Figure 5.7: Zoomed image of M-H curves for Mg0.5Zn0.5−xNixFe2O4 ferrites 

The values of Hc, Mr and Ms determined using curves for M versus H (Table 5.4). The saturation 

magnetization decreases (Table 5.4) with Ni
2+

 substitution. The interaction of transition metal 

cations with O
2-

 anions gives rise to surface distortions which decrease the saturation 

magnetization. The disorder and frustration of the spins at the surface of the nanoparticles 

increase with decrease in size due to large ratio of surface/volume [39]. The value of Hc and Mr 

increases with Ni
2+

 substitution (Table 5.4). The values of coercivity obtained in present work 

are large in comparison to the values reported by Padmapriya et al. [20] on replacing Zn
2+

 metal 

ions with Ni
2+

 metal ions. This is because of the large Ka value of Ni
2+

 metal ions [40]. Magneto-

crystalline anisotropy is inherent property of magnetic materials which decides their coercive 

nature [31]. The Ka has been calculated using equation (2.7) and it increases (Table 5.4) from 

1.103 × 10
3
 erg/cm

3
 to 3.242 × 10

3
 erg/cm

3
 with Ni

2+
 content. The observed value of ηB for has 

been computed from equation (2.8), it decreases (Table 5.4) with increase in Ni
2+

 substitution. 
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The increase in interaction between the oxygen anions and transition metal ion decreases the 

magnetic moment with Ni
2+

addition. The remanence ratio has been calculated using equation 

(2.9) and it increases (Table 5.4) from 0.028 for x = 0.125 to 0.203 for x = 0.500. The smaller 

value of remanence ratio suggests that the prepared samples are isotropic in nature [33].  

Table 5.4: Magnetic parameters calculated for Mg0.5Zn0.5−xNixFe2O4 ferrites 

 

 

 

 

 

Using the proposed cation distribution for Mg0.5Zn0.5−xNixFe2O4 ferrites (Table 4.4) and the 

magnetic moment values of Mg
2+

 (0 µB), Fe
3+

 (5 µB), Zn
2+(

0 µB) and Ni
2+

 (2 µB) metal ions the 

Mcal. has been calculated employing equation (5.1). The value of Mcal. decreases (Table 5.5) with 

Ni
2+

 substitution on account of choice of occupation of divalent Ni
2+

 ions for B lattice sites. Ni
2+

 

substitution migrates Fe
3+

 metal ions from B to A lattice sites which raises the value of magnetic 

moment at A lattice sites and therefore, decrease the value of net calculated magnetic moment. 

The cation-cation distances, cation-anion distances and interionic bond angles have been 

computed from relations (5.2) to (5.11) and listed in Table 5.5. 

Table 5.5: Net calculated magnetic moment and interionic distances for Mg0.5Zn0.5−xNixFe2O4 ferrites 

 

The increase in bond angle θ1, θ2 and θ5 has been observed while θ3 and θ4 decrease with Ni
2+

 

substitution (Table 5.6). The increase in θ1, θ2 and θ5 signify enhancement of A-B and A-A 

x  Mr 

( emu/gm) 

 Hc 

(Oe) 

 Ms 

(emu/gm) 

ηB 

(μB) 

 Ka 

(erg/cm
3
) 

 R 

 

0.125 1.64 18.69 57.84 2.26 1103.00 0.028 

0.250 3.78 48.05 50.75 1.98 2488.00 0.074 

0.375 5.11 75.13 42.18 1.64 3233.00 0.121 

0.500 5.15 125.58 25.30 0.99 3242.00 0.203 

x Mcal. 

(μB) 

    p  

  (Å) 

   q  

 (Å) 

r  

(Å) 

s 

 (Å) 

b  

(Å) 

c  

(Å) 

d  

(Å) 

e  

(Å) 

f  

(Å) 

0.125 4 1.977 2.020 3.868 3.698 2.964 3.476 3.630 5.446 5.134 

0.250 3 1.985 2.007 3.843 3.694 2.964 3.476 3.630 5.445 5.134 

0.375 2 1.990 1.991 3.813 3.686 2.961 3.472 3.626 5.440 5.128 

0.500 1 1.988 1.971 3.775 3.666 2.948 3.457 3.610 5.416 5.106 
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exchange interactions respectively. Ni
2+

 metal ions on replacing the diamagnetic Zn
2+

 metal ions 

create an antiparallel arrangement of magnetic metal ions which strengthens the magnitude of A-

B super-exchange interaction. The Ni
2+

 ion addition migrates Fe
3+

 ions from lattice sites B to A 

enhancing the A-A exchange interaction.  

The angle θ3 and θ4 decreases on Ni
2+

 substitution signifying the weakening of the magnetic 

exchange interaction between B lattice site metal ions i.e. B-B exchange interaction. The Fe
3+

 

(5µB) migration from B to A lattice sites on substituting Ni
2+

 (2µB) which reduces the value of 

net magnetic moment of B lattice site metal ions. This depreciates the B-B exchange interaction. 

The Yafet-Kittel angles αY-K have been calculated to get an insight about magnetic exchange 

interaction using equation (2.10). The values of Y-K angle decrease (Table 5.6) with Ni
2+

 

substitution which suggests the strengthening of A-B super-exchange interaction [38] 

The variation in Y-K angles with Ni
2+

 substitution also indicate that the wave functions 

corresponding to nearby magnetic metal ions get overlapped which raises the magnitude of A-B 

super-exchange interaction [41].   

 

Table 5.6: Bond angles and Y-K angles for Mg0.5Zn0.5−xNixFe2O4 ferrites
 

 

 

 

 

 

 

 

5.3.3 Magnetic properties of Mg0.5Zn0.5-xMnxFe2O4 ferrites 

The M-H curves for Mg0.5Zn0.5-xMnxFe2O4 ferrites obtained at room temperature have been 

shown in figure 5.8. The magnetic nature of prepared samples shows transition from 

superparamagnetic (for x = 0) to ferrimagnetic behaviour (for x ≥ 0.125) with Mn
2+

 substitution. 

 

x θ1 θ2 θ3 θ4 θ5 αY-K 

0.125 120.78 134.80 97.07 126.82 67.96 40.90 

0.250 121.06 135.83 96.58 126.71 68.64 31.90 

0.375 121.35 136.88 96.09 126.62 69.33 19.34 

0.500 121.60 137.82 95.67 126.52 69.95 3.30 
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Figure 5.8: M-H curves for Mg0.5Zn0.5−xMnxFe2O4 ferrites 

 

Figure 5.9 shows the zoomed image of M-H curves for prepared samples indicating the 

ferrimagnetic nature. 

 

Figure 5.9: Zoomed image of M-H curves for Mg0.5Zn0.5−xMnxFe2O4 ferrite samples 
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The replacement of diamagnetic Zn
2+ 

metal ions by magnetic Mn
2+

 (5 µB) metal ions lead to the 

appearance of soft ferrimagnetic behaviour. The M versus H curves in Figure 5.6 has been used 

to calculate Mr and Hc values (Table 5.7).  There is an increase in value of retentivity and 

coercivity (Table 5.7) with Mn
2+

 substitution. The Mn
2+

 metal ions have zero angular 

momentum. Hence the contribution of lattice coupling and magneto crystalline anisotropy are 

not present. Therefore, the magnetic moment (5 µB) corresponding to spin motion of Mn
2+

 ions 

increases the value of Hc [9]. The increase in coercivity with Mn
2+

 substitution signifies A-B 

super-exchange interaction enhancement. The increase of Mn
2+ 

causes the existence of magnetic 

ions on A and B sites intensifying the A-B super-exchange interaction. The value of Ms varies 

contrary to the coercivity. The equation (2.7) has been used to calculate the anisotropy constant. 

It increases (Table 5.7) with Mn
2+

 substitution. The observed value of ηB has been computed 

using equation (2.8). It decreases (Table 5.7) with Mn
2+

 substitution. This is due to the increase 

in net value of magnetic moment at A lattice sites. The R has been computed using equation 

(2.9). The values of R for all prepared samples (Table 5.7) are less than 0.5 which indicates 

multi-magnetic domain presence in prepared samples. 

Table 5.7: Magnetic parameters calculated for Mg0.5Zn0.5−xMnxFe2O4 ferrites 

 

 

 

 

 

 

 

 

The value of Mcal. for Mn
2+

 substituted samples has been calculated using equation (5.1) The 

values of magnetic moment for Mg
2+

 (0μB), Mn
2+

 (5μB), Zn
2+

 (0μB) and Fe
3+

 (5μB) have been 

used in accordance with the suggested distribution of cations for Mg0.5Zn0.5−xMnxFe2O4 ferrites 

(Table 4.5) in equation (5.1) to calculate the net magnetic moment. The value of Mcal. decreases 

(Table 5.8) with Mn
2+

 substitution. The substitution of Mn
2+ 

migrate Fe
3+ 

metal ions from B-

lattice sites to A-lattice sites as the value of magnetic moment at A sites increase which 

decreases the Mcal. value. The magnetic exchange interactions have been investigated using Table 

4.5.  

x Mr 

( emu/gm) 

 Hc 

(Oe) 

 Ms 

(emu/gm) 

ηB 

(μB) 

 Ka 

(erg/cm
3
) 

R 

 

0.125 0.851 10.22 50.58 1.98 527.00 0.016 

0.250 1.267 17.10 45.34 1.76 791.00 0.027 

0.375 1.863 32.76 33.85 1.31 1130.00 0.055 

0.500 4.712 81.63 26.05 1.00 2160.00 0.180 
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Table 5.8: Net calculated magnetic moment and interionic distances for Mg0.5Zn0.5−xMnxFe2O4 ferrites 

                                                                                                         

The interionic bond angles (Table 5.9)  have been computed using cation-cation distances and 

cation anion lengths (Table 5.8).The increase in calculated value of angles θ1, θ2 and θ5   suggest 

strengthening of A-B super-exchange and A-A exchange interactions respectively [36]. The bond 

angles θ3 and θ4 decrease (Table 5.9) with Mn
2+

 substitution which suggests the decrease in 

magnitude of B-B exchange interactions [36].  

The Yafet-Kittel (Y-K) model has been used to investigate the nature of magnetic exchange 

interactions. The equation (2.10) has been used to calculate the Y-K angles (αY-K). The Y-K angles 

decrease (Table 5.9) with Mn
2+

 substitution suggesting the transition of arrangement of spins 

from non-collinear to collinear type of magnetic ordering [42].
 

Table 5.9: Bond angles and Y-K angles for Mg0.5Zn0.5−xMnxFe2O4 ferrites 

 

 

 

 

 

 

 

 

5.4 Analysis of retentivity and coercivity for transition metal doped Mg-Zn ferrites.  

The value of retentivity, coercivity, anisotropy constant and remanence ratio increases with 

increase in transition metal content. The value of retentivity and coercivity has been observed to 

be larger in case of Co
2+

 doped samples in comparison to Ni
2+

 and Mn
2+

 doped samples (Figure 

5.10). The value of coercivity has been observed to be maximum for Co
2+

 content i.e. x = 0.500. 

x  Mcal. 

μB 

     p 

   (Å) 

      q 

   (Å) 

r  

(Å) 

s  

(Å) 

b  

(Å) 

c  

(Å) 

d  

(Å) 

e  

(Å) 

f  

(Å) 

0.125 4.375 1.981 2.023 3.874 3.704 2.969 3.481 3.636 5.454 5.142 

0.250 3.750 1.982 2.004 3.837 3.689 2.960 3.471 3.625 5.438 5.127 

0.375 3.125 1.992 1.996 3.822 3.691 2.965 3.477 3.631 5.447 5.136 

0.500 2.500 2.004 1.987 3.805 3.695 2.971 3.484 3.639 5.459 5.147 

x θ1 θ2 θ3 θ4 θ5 αY-K 

0.125 120.78 134.80 97.07 126.82 67.96 47.10 

0.250 121.06 135.83 96.58 126.71 68.64 42.72 

0.375 121.32 136.76 96.15 126.62 69.26 40.71 

0.500 121.60 137.82 95.70 126.52 69.96 36.86 
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The larger value of retentivity and coercivity for transition metal doped samples make them 

suitable for memory storage applications. 

 

Figure 5.10: (a) Variation of retentivity& (b) Variation of coercivity with Co
2+

, Ni
2+

 and Mn
2+

 doping 

5.5 Conclusion 

The magnetic properties of transition metal (M) doped Mg0.5Zn0.5−xMxFe2O4   ferrites have been 

determined by analyzing their respective M-H curves. The super-paramagnetic character has 

been observed for x = 0 i.e. undoped sample. The super-paramagnetic character has also been 

observed for Co
2+

 doped i.e. x = 0.125 sample. With further increase in Co
2+

 substitution           

(x > 0.125) the magnetic behaviour has shown change from superparamagnetic to ferrimagnetic. 

It may be ascribed to the magnetic behaviour and high magneto-crystalline anisotropy of Co
2+

 

ions. For Ni
2+

 and Mn
2+

 doped samples, the magnetic nature transforms from superparamagnetic 

to ferrimagnetic. The magnetic nature of Ni
2+

 and Mn
2+ 

metal ions is responsible for appearance 

of ferrimagnetic behaviour. The Co
2+

 doped samples are more coercive in comparison to Ni
2+

 

and Mn
2+

 doped samples. The higher magneto crystalline anisotropy of Co
2+

 metal ions in 

comparison to Ni
2+

 and Mn
2+ 

metal ions make Co
2+

 doped samples more coercive. The 

remanence ratio has been calculated for all prepared samples. The smaller value of remanence 

ratio for prepared samples indicates the formation of multi-magnetic domain type of structure. 

The magnetic parameters such as retentivity, saturation magnetization, calculated magnetic 

moment and Y-K angles have been calculated for all prepared samples. The observed values of 

magnetic parameters for Co
2+

, Ni
2+

 and Mn
2+

 doped samples suggest their suitability for 

magnetic memory recording. The magnitude of exchange interactions present between magnetic 
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metal ions have been investigated theoretically using proposed cation distribution and Yafet-

Kittel model. The theoretical calculation show an enhancement of A-B super-exchange 

interaction and indicate flipping of spin alignment from non-collinear to collinear on addition of  

transition metal element. The increase in the value of coercivity and retentivity with transition 

metal content supports the theoretical analysis of magnetic exchange interactions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

CHAPTER 6 
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In present time, the spinel ferrite nanoparticles are of significant interest because of their 

remarkable magnetic and electrical properties. These remarkable properties make them 

industrially and technologically an important magnetic material. Spinel ferrites are utilized in 

several essential applications like memory storage, sensing, microwave instruments, photo-

catalytic degeneration of toxic substances and for several biomedical applications such as 

magnetically targeted drug delivery, magnetic resonance imaging, magnetic hyperthermia, etc.  

There are various spinel ferrite systems such as magnesium, zinc, nickel, lithium, cobalt, 

manganese, nickel-zinc, manganese-zinc etc. The magnesium-zinc (Mg-Zn) ferrite system is one 

of the most important and promising ferrite system on account to its interesting behaviour 

showing soft magnetic nature, high magnetic permeability, low magnetic losses, high electrical 

resistivity, high thermal and chemical stability, better environmental stability etc. A large 

number of applications of Mg-Zn ferrite rely on its magnetic properties which depend on the 

super-exchange interaction between metal cations positioned on two different crystallographic 

lattice sites.  

The existence of diamagnetic Zn
2+

 and Mg
2+

 metal ions at tetrahedral and octahedral lattice sites 

respectively in ferrite system of Mg-Zn reduce the magnitude of super-exchange interaction and 

diminishes magnetic character. It stressed upon the requirement for the addition of some metal 

ions which may strengthen the super-exchange interaction and enhance magnetic character. The 

replacement of diamagnetic Zn
2+

 metal ions having strong preference for A sites with transition 

metal ions enhances the magnetic behaviour. In present work the transition metal (M = Co
2+

, 

Ni
2+

 and Mn
2+

) replaces the diamagnetic Zn
2+

 metal ions and modifies the magnetic behaviour of 

Mg-Zn ferrite system. The synthesis technique plays an important part in governing the various 

physical attributes of spinel ferrites. There are several physical and chemical methods such as 

ball milling, sputtering, sol-gel, micro-emulsion, hydrothermal, co-precipitation etc. available for 

the synthesis of spinel ferrite nanoparticles. The availability of several parameters like pH, 

stirring time, stirring rate, synthesis temperature and requirement of a simple experimental setup 

make co-precipitation route an effective method for the synthesis of spinel ferrite nanoparticles. 

The current work has been performed using chemical route of co-precipitation. The prepared 

ferrite samples have been characterized for different properties like structural, morphological, 

elemental and magnetic using various sophisticated experimental techniques. 
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The co-precipitation method utilized in the present work proves to be an effective route for the 

preparation of spinel nanoferrites with good crystallinity. The evaluation of crystalline spinel 

structure for all prepared samples has been confirmed using XRD results. It also confirms the 

incorporation of transition metal ions into the lattice of Mg-Zn spinel ferrite. There is the 

presence of magnesium oxide and hematite phases for Mn
2+

 doped samples confirmed using 

XRD results. The heating of iron-hydroxide in the presence of air is the major factor responsible 

for the emergence of hematite phase. The existence of magnesium oxide phase has also been 

confirmed for Ni
2+

 doped samples. The XRD results provides an effective mean to estimate the 

various of structural parameters like crystallite size, inter-planar spacing, lattice constant, 

packing factor etc. for all prepared samples. The ionic radius of transition metal cations and their 

preference for their respective crystallographic lattice sites play major role in influencing the 

structural parameters. The calculation of crystallite size confirmed that all of the prepared 

samples are in nano-regime.  The spinel structure for all prepared samples has also been 

confirmed using FT-IR spectroscopy. The presence of frequency bands for the tetrahedral and 

octahedral lattice site vibration confirm formation of spinel structure. The frequency band 

corresponding to tetrahedral lattice site is due the vibration of bond between metal cations 

situated at tetrahedral lattice site and oxygen anions. On the other hand the frequency band 

corresponding to octahedral lattice site is due the vibration of bond between metal cations 

situated at octahedral lattice site and oxygen anions. The cation distribution has been proposed 

for all prepared samples by taking the preference of metal cations for their respective 

crystallographic lattice sites and experimental XRD results into account. Cation distribution helps 

in the calculation of several parameters related to structure like mean ionic radii, inversion 

parameter, oxygen positional parameter, cation-cation and cation-anions distances, inter-ionic 

bond angles etc. which helps in understanding the different physical properties of prepared spinel 

ferrite samples.  

The effect of transition metal substitution on morphology of prepared samples has been 

investigated from Field effect scanning electron microscope. The micrographs show that the 

transition metal substitution leads to the agglomeration of nanoparticles. The magnetic nature of 

transition metal ions is attributed to the agglomeration of nanoparticles. The EDS spectroscopy 

has been utilized to confirm the stoichiometry for all prepared samples. The obtained values of 

atomic % of cations and anion are approximately same to the expected values. The obtained 
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values of atomic % of cations and anions indicate that the co-precipitation route is efficient in 

keeping the prepared samples in stoichiometry.   

The magnetic properties of prepared samples have been investigated using Vibrating sample 

magnetometer. The super-paramagnetic character has been observed for undoped sample. The 

super-paramagnetic character has also been observed for cobalt doped sample i.e. x = 0.125. The 

magneto-crystalline anisotropy which holds the spin orientation in definite direction is overcome 

by thermal energy. On increase in Co
2+

 (x > 0.125) substitution the superparamagnetic behaviour 

changes to ferrimagnetic. For Ni
2+

 and Mn
2+

 doped samples, transition from superparamagnetic 

to ferrimagnetic nature has been observed. The magnetic nature of Co
2+

, Ni
2+

 and Mn
2+ 

metal 

ions is responsible for the appearance of ferrimagnetic behaviour. The maximum enhancement in 

magnetic character has been observed for Co
2+

 doped samples in comparison to Ni
2+

 and Mn
2+

 

doped samples. The high magneto-crystalline anisotropy of cobalt is attributed to the observed 

behaviour.  Several magnetic parameters such as retentivity, saturation magnetization, calculated 

magnetic moment and Y-K angles have also been calculated for all prepared samples. The nature 

of magnetic interactions has also been investigated with the help of proposed cation distribution 

using Neel’s model and Y-K model. The Y-K model proposes the increase in strength of A-B 

super-exchange interaction on substituting the transition metal ions. The variation in magnetic 

interactions computed using suggested distribution of cations has been supported by 

experimentally obtained data.  

The moderate saturation magnetization and soft ferrimagnetic nature has been obtained for 

transition metal doped Mg-Zn ferrites. These samples are useful in memory storage application. 

The soft magnetic nature of prepared samples also makes them useful for biomedical 

applications. In future the prepared samples can be explored for magnetic hyperthermia and 

antimicrobial studies. 
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