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ABSTRACT 

Superparamagnetic nanoparticles have the ability to tack themselves in a reasonable 

magnetic field and have got scientific attention for biomedicine applications. In 

present work, nanoparticles of Mn0.5Zn0.5RExFe2-xO4 (x = 0, 0.025, 0.050, 0.075, 0.1) 

ferrites (where RE = La, Gd, Nd) have been prepared using co-precipitation technique. 

First the sintering temperature has been optimized for Mn0.5Zn0.5Fe2O4 ferrite 

nanoparticles. From the structural analysis using XRD at three sintering temperatures 

(973 K, 1173 K, 1373 K), a pure spinel phase is observed at 1373 K whereas a 

secondary phase Fe2O3 has been observed at lower sintering temperatures.  The 

absorption bands at 421 cm-1 - 491 cm-1 and 516 cm-1 - 592 cm-1 in FTIR spectra 

confirm the formation of spinel ferrite. FE-SEM images have shown the formation of 

homogenous crystalline nanoparticles with increase in sintering temperature. For 

further investigation of RE doped Mn-Zn ferrites, the sintering temperature has been 

taken as 1373 K. Structural investigations have shown cubic spinel phase for all 

samples. For the three dopants used in Mn-Zn ferrites, the crystallite size, lattice 

constant, interplanar spacing and packing factor have been determined and found to 

decrease generally. FTIR spectroscopy has confirmed the occurrence of spinel 

structure in all the investigated samples. FE-SEM micrographs of all investigated 

samples show sharp crystalline structures. EDS spectroscopy confirms the presence of 

constituent elements in all the investigated samples. A cation distribution has been 

proposed for RE doped manganese-zinc spinel ferrites. Magnetic study has shown 

paramagnetic and superparamagnetic nature of samples at room temperature. 
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Mankind and materials have evolved over the passage of time and are 

continuing to do so. Materials are playing a vital role in the modern age of science and 

technology. Materials can be broadly classified as dielectric materials, magnetic 

materials, ceramics, glasses, polymers and semiconducting materials. Among these, 

magnetic materials have a variety of applications like memory devices, transformers, 

microwave devices, drug delivery, hyperthermia etc. Further, the rapid developments 

in the field of nanotechnology have opened large opportunities for understanding and 

utilization of magnetic materials. The word ‘nano’ was first coined by Feynman in his 

famous lecture at California Institute of Technology in 1959. He has pronounced “there 

is plenty of room at the bottom”, but the actual development in nano field has started 

from 1990. Nano system has not any universal description. A measurement unit of 1 

nm = 1×10-9 m = 10 Å formulates the word “nanometer”. Nanoscience is the study of 

fundamental phenomena of structures of molecules having their dimensions in the range 

of 10 nm to 100 nm (also termed as nanoscale). Nanoscience is an interdisciplinary 

field where the expertness of researchers from physics, materials science, chemistry, 

biology and engineering is required to develop nanomaterials and hence nanodevices. 

Further, many physical phenomenon become more noticeable as the size of system 

approaches to nanoscale. In this chapter, the magnetic materials have been described 

with a focus on ferrites and their classification. Recent literature survey has also been 

included for the spinel ferrites. Finally, the motivation behind this work has been 

described. 

1.1 Magnetic materials  
All materials can be categorized based on their magnetic behaviour into one of 

five types (diamagnetic, paramagnetic, ferromagnetic, antiferromagnetic and 

ferrimagnetic) subject to their magnetic susceptibility. The magnetic susceptibility is 

the proportion of magnetic dipole moment per unit volume to the connected magnetic 

field. On the basis of magnetic dipole moments magnetic materials are classified into 

two large groups. The atoms of first group materials carry permanent magnetic dipole 

moment and second group do not have perpetual magnetic dipole moment. Now, on 

account of interaction between the individual magnetic dipoles, there are the five types 

of magnetic materials. The materials are named as diamagnetic materials, paramagnetic 

materials, ferromagnetic materials, antiferromagnetic materials and ferrimagnetic 
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materials. At room temperature both diamagnetic and paramagnetic materials have very 

weak magnetic properties. So both of these materials do not displays hysteresis. The 

materials involving of atoms with no net magnetic moment show diamagnetism. By 

Lenz's law a moment is induced in an atom with the help of magnetic field that resists 

the applied field. The sum of the orbital and spin contributions is the magnetic moment 

of an atom. The property of a material which generates a magnetic field in a direction 

opposite to the applied magnetic field is called diamagnetism. Conditions of Landau 

levels are helpful to understand the diamagnetism and it is supposed to be due to 

quantum mechanics [1]. Diamagnetism happens when orbital speed of electrons around 

their cores is adjusted by the outside field. These progressions the magnetic dipole 

moment. It is noticed that the relative permeability of diamagnets is under 1. In many 

materials, diamagnetism is known as a feeble impact. 

Paramagnetism is a sort of attraction in which paramagnetic material is just 

pulled in when there is an externally connected magnetic field. Diamagnetic materials 

are repelled by magnetic fields due to this behaviour [2]. Paramagnetic materials are 

attracted by the applied magnetic field and have a relative magnetic permeability ≥ 1 

(i.e., a positive value). The induced magnetic moment is weak and linear within the 

applied field strength. It usually requires a responsive systematic balance to sense the 

paramagnetic effect. A SQUID magnetometer is used for modern measurements on 

paramagnetic materials. A positive and small value of susceptibility exists for 

paramagnetic materials in external magnetic fields. At the point when outer magnetic 

field is connected then these materials are marginally pulled in by a magnetic field. The 

magnetic properties are not held by the material when the outer magnetic field is 

evacuated around the material since thermal developments randomizes the dipole 

ordering. Paramagnetic properties happen because of essence of odd number of 

electrons and the reordering of the electron tracks induced by outside magnetic field. 

There is just a little instigated magnetization even within the presence of the field in 

light of the fact that only a little portion of the dipoles are arranged. The small fraction 

of dipoles is proportional to the applied field strength and due to this there is linear 

dependency. This would develop a net magnetization (or magnetic moment per unit 

volume), equivalent to the product of moment and the density. Saturation magnetization 

Ms is the maximum magnetization that can be achieved with this small fraction of the 

dipoles concentration [3]. A magnetic moment that is possessed by an atom is an integer 

number of Bohr magnetons. The magnetic moment of an electron, μB, is one Bohr 
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magneton and its value in SI units is 0.9274 x 10-23 A.m2. Cases of paramagnetic 

materials are manganese, magnesium, lithium, molybdenum and tantalum.  

The materials which stay magnetized even after the removal of external 

magnetic field are called permanent magnets. These materials are either ferromagnetic 

or ferrimagnetic [4]. Ferromagnetic materials experience a non-linear and much 

stronger attraction in comparison to paramagnetic materials. The strongest type of 

magnetism is ferromagnetism. This type of magnetism creates strong forces sufficient 

to be sensed. It is also accountable for the ordinary magnetism phenomenon 

encountered in our day to day life [5]. The general ferromagnetic materials are nickel, 

iron, cobalt and mainly their alloys. Some normally happening minerals, for example, 

lodestone and a few compounds of rare earth metals are ferromagnetic in nature. In 

modern technologies and industries the ferromagnetic materials are very useful. For 

many electromechanical (e.g. generators, electric motors), electronics (e.g. hard disks, 

recorders) and electrical devices (e.g. electromagnets, transformers), the base is 

ferromagnetism. According to quantum mechanics, the spin and Pauli Exclusion 

Principle are responsible for the property of ferromagnetism. In magnetically structured 

materials there is large magnetization and magnetic moment. This is because of the 

adjusted electron spins of the atoms in the microscopic areas. The magnetization of the 

domains tends to agree with the field and the domains inclining constructively 

regarding the outer applied field at the cost of other domains. When ferromagnetic 

materials are studied with temperature, then a ferromagnetic material is normally a 

paramagnetic in nature above the Curie temperature. 

Materials featuring the magnetic moments of neighboring electrons in opposite 

direction are termed as anti-ferromagnetic materials and the magnetism associated with 

them is known as anti-ferromagnetism. In ferromagnetic materials it is vivaciously 

great for the spins to adjust and prompting an unconstrained magnetization while in 

antiferromagnetic materials it is vigorously good for the spins to restrict each other and 

prompting no general magnetization. Normally, at suitably low temperatures the 

ordering of anti-ferromagnetism may exist but above a certain temperature this ordering 

disappears. This temperature is called Néel temperature.  Louis Néel had first perceived 

this type of magnetic ordering and so named as Néel temperature [6]. Antiferromagnetic 

materials are normally paramagnetic above the Néel temperature. To explain the anti-

ferromagnetism, two sub lattice model is used. The antiferromagnetic structure 

represents to a fading complete magnetization when no outer field is connected. With 
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the total value of one of the sub lattice magnetization differing from the other sub lattice 

magnetization leading to some net magnetization, a kind of ferromagnetic performance 

may be observed in the antiferromagnetic phase in the presence of an external magnetic 

field. Antiferromagnetism exhibits a small positive susceptibility which is comparable 

to paramagnetism.  

Without magnetic field and underneath Néel temperature the spins are 

antiparallel and thoroughly drop each other. The spin arrangements becomes random 

above Néel temperature, so with an increase in temperature the magnetic susceptibility 

decreases and the material becomes classically paramagnetic. 

As the temperature is diminished beneath the Néel temperature the magnetic 

susceptibility, χm, of an antiferromagnetic material will have a maximal; as opposed to 

a paramagnet where it always increments with diminishing temperature. 

Antiferromagnetic materials have a negative pairing between adjacent moments and 

low disturbance. Antiferromagnetic materials are comparatively rare.  

Antiferromagnetism is also recognized as ferrimagnetism (the term coined by 

Neel to suggest the magnetism of ferrites) showed by materials whose ions or atoms 

have a tendency to secure an arranged however nonparallel ordering without magnetic 

field beneath Néel temperature. A substantial net magnetization is there from the 

antiparallel arrangement of neighboring unequal sub-lattices inside a magnetic area. 

This naturally visible conduct is like that of ferromagnetism. Ferrimagnetism generally 

occurs in ionic compounds due to complicated magnetic arrangements in the crystal 

structure. The magnetic structure of ferrimagnetic materials is including two sub-

lattices (called A and B) isolated by O2 ions. The trade connections between the two 

sub-lattices are intermediated by the oxygen anions. These associations are named as 

“indirect or superexchange interactions”. The most ground-breaking superexchange 

interactions prompt antiparallel arrangement of spins between the two sub-lattices. In 

ferrimagnetic materials, the magnetic moments of the two sub-lattices are not 

equivalent and prompt a net magnetic moment. Ferrimagnetism is consequently like 

ferromagnetism. Ferrimagnetism demonstrates every one of the reserves of 

ferromagnetism like unconstrained magnetization, Curie temperatures, hysteresis, and 

retentivity. In any case, ferromagnetic and ferrimagnetic materials have extremely 

distinguishable magnetic arrangements. Some of the examples for ferrimagnetic 

materials Fe3O4, NiFe2O4, SrFel2O19, BaFe12O19, SrO∙6Fe2O3 and PbO∙6Fe2O3 etc. The 

oldest-known ferrimagnet is magnetite (Fe3O4) which contains both Fe2+ and Fe3+ ions. 
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Prior to Néel's revelation of ferrimagnetism and antiferromagnetism in 1948, it was 

initially attributed a ferromagnet. [6].  

Below the Curie temperature ferromagnetic and ferrimagnetic materials hold a 

spontaneous magnetization whereas above this temperature these materials show no 

magnetic order and hence become paramagnetic. In specific cases two sub lattices have 

matching moments beneath the Curie temperature prompting zero magnetic moment, 

this is known as the magnetization counterbalance or indemnified point. This 

counterbalance or indemnified point has been discovered effectively in garnets and rare 

earth -  metal compounds. In addition, ferrimagnetic materials may likewise 

demonstrate an angular momentum counterbalance or indemnified point where the 

angular momentum of the magnetic sub-lattices is indemnified. This indemnified point 

is a basic point for attaining rapid magnetisation flip-flop in magnetic memory gadgets. 

[7]. Anisotropic behaviour and high resistivity are other properties of ferrimagnetic 

materials. Actually an external applied field induces the anisotropy in ferrimagnetic 

materials. At the point when an outside magnetic field is connected, the magnetic 

dipoles get adjusted leading to a total magnetic moment and powers the dipoles to move 

in a gyrating fashion at a frequency directed by an applied field, called Larmor or 

precession frequency. As a unique case, a microwave signal circularly polarized in the 

identical direction as such precession firmly communicates with the magnetic 

moments; when this microwave signal circularly polarized in the reverse direction the 

interplay is very weak. In this way, at whatever point the interplay is firm, the 

microwave signal passes through the material. This directional property has been 

employed really to develop microwave gadgets e.g. isolators, circulators and 

gyroscopes. Ferrimagnetic materials have additionally been used to create optical 

isolators and circulators. 

Ferrites having chemical formula MFe2O4, where M represents the divalent 

metal ions, exhibits ferrimagnetism. In ferrites iron oxide is the main constituent [8]. 

Ferrites are generally non-conductive ferrimagnetic ceramic compounds. Similar to 

most other ceramics, ferrites are found to be hard and brittle. Ferrite exhibits 

ferrimagnetism because super exchange interaction between oxygen ions and metal 

ions. Ferrite has superior resistivity as compared to ferromagnetic materials because of 

intrinsic atomic level interactions among metal and oxygen ions. This makes ferrite 

scientifically highly valuable and tunes the ferrite to discover new applications at higher 

frequencies.  
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Ferrites have similar lattice structure as that of magnesium aluminate 

(MgAl2O4) and the structure is termed as spinel. The magnetic properties of ferrite are 

dependent on the type of ions (divalent or trivalent) and their relative lattice position. 

Metal ions are situated at tetrahedral and octahedral positions. Zn2+ ions substituting 

Ni2+ ions in Ni ferrite and Zn2+ ions substituting Mn2+ ions in Mn ferrite i.e. Ni1-

xZnxFe2O4 and Mn1-xZnxFe2O4 respectively are the most significant derivatives of these 

ferrites. The main difference between these two ferrites lie in their resistivity. Fe3+, Zn2+ 

prefer tetrahedral sites and Ni2+, Mn2+, Fe2+ etc. ions favor to occupy the octahedral 

sites. Mn-Zn ferrites and Ni-Zn ferrite and has reverse spinel structures. The 

composition and processing parameters, e.g. sintering temperature, are responsible for 

the variation in magnetic and electrical properties. The synthesis process and 

composition are the two points in determining the quality of ferrite manufacturing. 

At molecular level magnetic moment occurs owing to the electronic interaction 

among oxygen and metal ions and is termed as super exchange. In bulk ferrites, there 

are domains called Weiss domains in which each molecular magnet is adjusted in same 

direction. In the presence of an outer magnetic field, the moments are enforced to adjust 

in the direction of outer magnetic field. In this process, some energy is consumed and 

the magnetization lags behind the magnetizing field at all the times and consequences 

in a magnetization loop. This magnetization loop is named as B-H or M-H loop or 

hysteresis loop.  

Hysteresis loop of a material provide the information about the magnetic 

behaviour of that material. A clear correlation among induced magnetic flux density 

(B) along with magnetizing force (H) has been displayed by hysteresis loop (figure 

1.1).  

Various principle magnetic properties of a material can be dictated by a hysteresis loop; 

1. Retentivity - A level of the remaining flux density comparable to the saturation 

magnetization of a magnetic material. It is the material's capacity to hold a 

specific measure of remaining magnetic field when the applied magnetic field 

is disconnected subsequent to accomplishing saturation. In figure 1.1, the 

estimation of B at point b in the hysteresis loop. 
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Figure 1.1: A typical hysteresis Loop 

 

2. Residual Magnetism or Residual Flux – It is the remaining magnetization in a 

material at zero value of magnetizing force. Note that on magnetizing the 

material to saturation point, lasting magnetism and retentivity are the same. 

However, when the magnetization did not achieve the saturation point, the level 

of remaining flux might be lesser than the retentivity value. 

3. Coercive Force - To influence the magnetic flux to come back to zero, the 

amount of magnetic field in reverse direction has to be applied. The value of H 

at point c on the hysteresis curve denotes the coercivity. 

4. Permeability - A property of a material that characterizes the effortlessness with 

which a magnetic flux is set up in the segment.  

5. Reluctance – This is the contradiction that a ferromagnetic material shows to 

the arrangement of a magnetic field. Reluctance is counterpart to the resistance 

in an electric circuit. 

Ferrites have high magnetic permeability and hence can store large magnetic field in 

comparison to iron. 
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Figure 1.2: Hysteresis loop for (a) soft ferrite & (b) hard ferrite 

1.2 Ferrites: history and development 
The term ferrite is ordinarily used to depict a class of magnetic oxide 

compounds that involve iron oxide as a fundamental constituent. Some representatives 

of the ferrites are long known, even in Vedic period several centuries B.C. in India, as 

magnetic minerals [9]. The properties of magnet (loadstone) are well versed by staunch 

philosopher Sankara [10].  

The history of magnetic minerals is quite old. This became possible due to the 

existence of a natural mineral called ‘magnetite’. Magnetite is an iron oxide (Fe3O4). 

From the Greek word “Magnesia”, the word ‘Magnet’ is derived. The direction finding 

application has named magnetite as ‘Lodestone’, meaning ‘Waystone’.  Much later, 

“De Magnete” was the first technical study of magnetism by William Gilbert (1540 - 

1603). He recognized that earth is a giant magnet and the compass functions on this 

rationale.  

Michel Faraday (1791 - 1867) has categorized all types of materials into 

diamagnetic and paramagnetic based on significant experimental studies. In 1819 Hans 

Christian Oersted observed during a practical that a magnetic compass needle is 

affected by an electric current in wire. Hertz and many others have then developed the 

new science of electromagnetism to enhance the experimental knowledge over 

traditional theoretical perceptions [11].  

The discovery of ferrites in the beginning twentieth century and the later the 

theory of ferrimagnetism put forward by Louis Neel led in an upsurge of research and 

developments. This has caused potential to develop new materials for several 

applications. 
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In the old days the prerequisites of the magnetic hardware for electrical 

applications have been served by iron and its magnetic compounds. Be that as it may, 

with the entry of high frequency the great methods of chopping down the eddy current 

losses by utilizing a layered cover or iron powder cores were not any more powerful or 

cost productive. This comprehension has actuated a recovered enthusiasm for 

"magnetic insulators" as first depicted by S. Hilpert in Germany in 1909. This has 

promptly conceived the idea of consolidating high electric resistivity of oxides with 

needed magnetic qualities for high frequency applications. 

Everywhere throughout the world, several labs have begun research to grow 

such materials, for example, by V. Kato, T. Takei, and N. Kawai in Japan (1930's) and 

by J. Snoek in Netherlands amid 1935-45. The basic fundamentals of practical ferrite 

materials have been established by Snoek. The theoretical understanding of ferrites has 

been put forward by Neel Theory of ferrimagnetism in 1948. Snoek has prepared the 

first functional modern ferrite [12, 13]. Snoek and Neel worked together and made a 

large impact in the research of ferrimagnetism. The unpaired electrons are responsible 

for the origin of magnetism. In ferrite lattice, cations are separated by oxygen anions 

(O2-). The oxygen anions have zero magnetic moment as they have entirely filled shells. 

The metal cations e.g. Ni2+ (d8), Zn2+ (d10) and Fe3+ (d5) of ferrites have 2, 0, and 5 

unpaired electrons in outermost shells respectively and hence divalent nickel and 

trivalent iron have magnetic moment because of partially filled shells. On the other 

hand, in divalent Zn2+ ions the outermost shell is totally filled so gives diamagnetic 

characteristic.  

A unique class of compounds consists of lanthanides and fast transition metals, 

like iron, chromium and manganese is ferrite [8, 14, 15]. Ferrites are hard and brittle, 

comparable nearly all other ceramics. There are different spinel ferrites with the 

chemical pattern AB2O4, where A and B constitute to a classification of metal cations, 

likewise including iron (Fe). A crystal lattice comprising of cubic close-packed (fcc) 

oxides (O2−) with A cations involving (1/8)th of the tetrahedral locales and B cations 

possessing (1/2) of the octahedral sites represents spinel structure for ferrites. Further, 

if (1/8)th of the tetrahedral sites are filled by B cation, so afterward (1/4)th of the 

octahedral sites are filled by A cation and the other (1/4)th by B cation and this type of 

structure is termed as inverse spinel structure. There are also the possibilities for mixed 

spinel structures in ferrites having formula [M2+
1-δFe3+

δ][M
2+

δFe3+
2-δ]O4 is mixed 

ferrite, where δ is the degree of inversion. In ZnFe2O4 ferrite, octahedral sites are 
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occupied by Fe3+and tetrahedral sites are occupied by Zn2+. It is a case of ordinary spinel 

ferrite structure [16]. There are some hard ferrites, like barium ferrite (BaFe12O19) and 

strontium ferrite (SrFe12O19). The crystal structure of strontium ferrite and barium 

ferrite is hexagonal [17].  

On the application part, with the arrival of high frequencies going up to the 

gigahertz range, the inductance has got more and more consideration in the design and 

studies of on-chip interconnect. The decreasing size of electronic devices has led to the 

growth of new devices having multilayer ferrite chip inductor (MLFCI) components. 

The conventional wire meandered inductors can only be reduced in size to a particular 

limit and the lack of magnetic shielding of wire meandered inductors leads to the 

development of MLFCI. These inductors are one of the significant elements for the 

modern electronics e.g. cellular phones, video cameras, notebook computers, hard and 

floppy drives etc. The chip inductor is manufactured by laminating ferrite film and 

internal metallic conductors (e.g. Ag) alternately and then co-firing to form the 

monolithic structure. 

1.3 Types of ferrites 

1.3.1 Soft ferrites 
Soft ferrites have small value of coercivity and they can be easily demagnetized.  

Because of low coercivity of the material, magnetization can be authorized 

effortlessly in opposite direction without disseminating much energy as hysteresis 

lossess. Because of their low losses at high frequencies, soft ferrites are generally 

utilized in the centers of little transformers and inductors. Manganese-zinc ferrite, 

nickel-zinc ferrites are some usual soft ferrites [16]. The estimations of saturation 

magnetization and permeability of Mn-Zn ferrite is higher than Ni-Zn ferrite. Ni-Zn 

ferrites are more suited for frequencies over 1 MHz on the grounds that the resistivity 

of Ni-Zn ferrites is higher than the Mn-Zn ferrite. 

1.3.2 Hard ferrites 
Hard ferrites are hard to demagnetize and after magnetization process, hard 

ferrites have a high estimation of coercivity and remanence. Hard ferrites are utilized 

to made lasting ferrite magnets. Hard ferrites are likewise used to make magnets for a 

some of gadgets such as magnets of refrigerators, electric motors and loudspeakers etc. 

Permanent magnets have an essential characteristic of high coercivity. This means the 

materials have high resistance to become demagnetized. Permeability of permanent 
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magnet is very high. So these are additionally named as ceramic magnets. These are 

inexpensive and generally utilized in different household items. Hard ferrite magnets 

are generally made up of strontium carbonate, barium carbonate and iron oxide [18]. 

The mainly common hard ferrites are: 

 Strontium ferrites: These ferrites are very much important and are used as host 

materials in recording media, micro-wave devices, magneto-optic media and 

also play a lead role in electronic industry and telecommunication [17]. 

 Barium ferrites: Permanent magnet applications are the regular advantages of 

these ferrites [19]. Properties like stability against moisture make these ferrites 

as corrosion-resistant. These ferrites have found applications in subwoofer 

magnets. These ferrites are also used in magnetic stripe cards and magnetic 

recording. 

 Cobalt ferrites: Cobalt ferrites owing to their few special properties (i.e. 

reasonable saturation magnetization nearly 80 emu/g and high coercivity 

approximately 5400 Oe), are used in some media for magnetic recording [20]. 

1.4 Classification of ferrites based on crystal structure 
Ferrimagnetic materials are ferrites and they can be more categorized into four 

types according to their crystal structure. These types of ferrites are 

(1) Spinel ferrites: A spinel ferrites are given by the formula; 𝑀2+𝐹𝑒2
3+𝑂4. Spinel 

ferrites contains largely iron oxide which is a ferromagnetic material and it is deduced 

from magnetite [𝐹𝑒2+𝑂. 𝐹𝑒2
3+𝑂3]. In spinel ferrite formula, M is a divalent metal cation 

like manganese (Mn2+), Zinc (Zn2+), copper (Cu2+), cobalt (Co2+), magnesium (Mg2+), 

cadmium (Cd2+), nickel (Ni2+) etc. Trivalent metal cations (La3+, Al3+, Gd3+, Cr3+, 

Nd3+, In3+, etc) may be used to replace trivalent Fe3+ ions. Ionic radii of the replacing 

ion should be among 0.5 Å to 1.0 Å in all cases of proper substitution. Spinal ferrites 

generally, exhibits cubic crystal structure. 

(2) Orthoferrites: Orthoferrites are given by the formula; RFeO3. In orthoferrite 

formula, R represents to atleast one rare-earth elements. An orthorhombic crystal 

structure among a space group Pbnm has been revealed by orthoferrites and generally 

shows weak ferromagnetic behaviour. Dysprosium orthoferrite (DyFeO3) and 

lanthanum orthoferrite (LaFeO3) are two common examples of orthoferrites. 
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(3) Magneto-plumbite ferrites: These types of ferrites have are given by the formula; 

MFe12O19. In magneto-plumbite ferrite formula, M represents divalent cation (Sr2+, 

Ba2+, Pb2+) having big ionic radius. Hexagonal structure has been revealed by magneto-

plumbite ferrites.  

(4) Garnet ferrites: These types of ferrites have general formula; 𝑅3
3+𝐹𝑒5

3+𝑂12. In garnet 

ferrite formula, R represents a rare earth cation (gadolinium (Gd3+), dysprosium (Dy3+), 

yttrium (Y3+) samarium (Sm3+), etc). Cubic structure has been revealed by these type of 

ferrites. Trivalent cations (Cr3+, In3+, Al3+, etc) may be used to substitute Fe3+ ions in 

such ferrites. 

1.5 Structure of spinel ferrite 
The spinel structure has been first found out by Bragg and Nishikawa in 1915 

[21]. The ideal structure is formed by a cubic close-packed (fcc) arrangement of oxygen 

atoms, in which (1/8)th of the tetrahedral and (1/2) of the octahedral interstitial positions 

are filled by cations. The tetrahedral positions and the octahedral sites have been 

denoted as A sites and B sites respectively. The unit cell of spinel ferrite holds eight 

formula units (molecules) of (A) [B2] O4. In a unit cell 32 oxygen ions are from cubic 

close-packed structure and leaving 96 accessible interstitial sites. 

 

 

Figure 1.3: Unit cell structure of spinel ferrite 

From these 96 interstitial sites, 64 are tetrahedral sites (also termed as A-sites) and 32 

are octahedral sites [also termed as B-sites]. The A-sites are fenced by four oxygen 
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ions and B-sites are fenced by six oxygen ions. The organizations of the ions in an 

ideal ferrite are demonstrated in figure 1.3 

1.6 Classification of spinel ferrites 
Spinel ferrites are categorized into three classes as;  

i) Normal spinel ferrites: In the ordinary spinel ferrites, the tetrahedral destinations are 

filled by just the divalent metal (M2+) ions and octahedral locales are filled through 

trivalent metal (M3+) ions. Case of this ferrite is zinc ferrite (ZnFe2O4). 

ii) Inverse spinel ferrites: In the inverse spinel ferrites, 8 out of 16 trivalent ions fill the 

A sites and the B sites are filled by some M2+ ions and left over M3+ ions. Case of this 

ferrite is nickel ferrite (NiFe2O4). 

iii) Mixed spinel ferrites: In these ferrites, both A sites and B sites are filled by M2+ ions 

and M3+ ions. Cases of these ferrites are nickel-zinc ferrites and magnesium-zinc 

ferrites. The portions which can impact the constitution of the metal ions over the A 

sites and B sites are; 1) electronic configuration and ionic radii of metal ions, and 2) the 

electrostatic energy of the spinel lattice. Even though there occur a large number of 

possible combinations for ferrites. The manganese-zinc, manganese-magnesium and 

nickel-zinc ferrites are the three main commercial ferrite families. As core materials for 

inductance coils and transformers up to 1MHz, Mn-Zn ferrites are advantageous. Mn-

Mg ferrites are employed for microwave applications. Ni-Zn ferrites are employable at 

high frequencies as well as low frequencies. Ni-Zn ferrites are found to be the best 

multipurpose ferrites and have been extensively studied owing to their several 

applications. Several researchers have studied a number of ferrites in light of their broad 

applications. Widespread range of applications in the frequency range starting from low 

to very high (Microwave frequencies) are dealt by these three versatile mixed ferrites.  

1.7 Literature survey of spinel ferrites 

1.7.1 Lithium ferrites 
Lithium is a monovalent ion and fills the octahedral (B) sites in association with 

Fe3+ ion in the crystal lattice. The cation arrangement of lithium ferrite having the 

chemical composition (inverse spinel) has been first showed by Braun [22]. The 

divalent ion in this ferrite has been expressed as composite ion. The low loss lithium 
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ferrite has been reported by Collins et al. in 1971 [23]. Various researchers have 

reported the properties of lithium ferrites [24-26].  

Hanif et al. examined the consequence of sintering temperature on structural as 

well as dielectric characteristics of lithium nanoferrites doped with rare earth prepared 

by simplified sol-gel method for sensing applications [24]. The spinel structure has been 

observed using XRD technique. An increase in the crystallite size (22 nm to 61 nm) up 

to a sintering temperature 750°C and then crystallite size decreases (44 nm) for a 

sintering temperature 800°C has been mentioned. The diminishing in lattice consistent 

with increment in sintering temperature has been accounted for. Spherical shape of 

particles has been found from SEM characterization. A decrease in dielectric constant 

along with AC electrical conductivity with the raise in sintering temperature has been 

reported.  

Sawant et al. examined the aftereffects of cobalt doping on the structural and 

magnetic characteristics of lithium ferrite arranged via auto-combustion strategy [25]. 

The spinel structure of prepared samples has been reported after analyzing XRD 

spectra. There is nearly no change in the crystallite size and an increase in lattice 

constant with raise in Co2+ content has been described. From SEM characterization, the 

morphology of particles has been mentioned to be of cubic and spherical shapes for all 

prepared samples. Increase in saturation magnetization (140.1 emu/g), coercivity 

(714.05 Oe) and remnant magnetization (49.4 emu/g) up to 0.3 Co2+ doping and then a 

decrease in the mentioned magnetic properties has been observed for higher Co2+ 

doping.  

Gilani et al. revealed the impact of praseodymium (Pr) doping on structural and 

magnetic characteristics of LiCo ferrites prepared by micro-emulsion course for high 

density storage applications [26]. Establishment of spinel structure has been remarked 

on XRD characterization. With Pr doping, a trend of increase in particle size (53 nm to 

106 nm) has been reported for all the prepared samples. The magnetic properties viz. 

coercivity, retentivity and saturation magnetization has been reported to generally 

decrease in comparison to undoped sample. 

1.7.2 Magnesium ferrites 
Magnesium ferrite (MgFe2O4) is a soft ferrite with spinel structure and n-type 

semiconducting behaviour having many applications in sensors, heterogeneous 

catalysis, magnetic technologies and adsorption [27-30]. Various researchers have 

studied and reported the properties of magnesium ferrites [27-30].  
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Hussein et al. have analyzed the magnetic and structural outcomes of Mg - 

ferrites synthesized by EDTA supported sol–gel reaction [27]. XRD characterization of 

prepared samples has affirmed the development of two spinel structures relying on the 

calcination temperature (400 °C to 600 °C). Increment in crystallite size with enhance 

in calcination temperature (400 °C to 600 °C) has been accounted for. Pure 

superparamagnetic behaviour of sample calcined at 400 °C has been observed using 

VSM results. The change in magnetic properties with the variation in thermal 

behaviour, cation distribution and phase concentration has been reported.  

Choodamani et al. examined the impact of Zn doping on the structural, magnetic 

and electrical characteristics of Mg - ferrite prepared through solution combustion route 

[28]. Spinel structure has been reported on analyzing XRD spectra for all samples. Up 

to 0.75 zinc content in magnesium ferrites, there is an increase in crystallite size (53 nm 

to 80 nm) and then crystallite size decreases for 1.00 zinc content. Morphology obtained 

from SEM characterization shows homogeneous grains having polyhedral structure for 

all prepared samples. Usual dielectric conduct (i.e. with raise in frequency there is an 

increase in electrical conductivity) has been reported. Lowest value of AC conductivity, 

dielectric constant and dielectric loss tangent has been observed for 0.50 zinc content. 

Using VSM characterization, high saturation magnetization (46.97 emu/g) and low 

coercivity (2.78 Oe) has been remarked at 0.50 zinc content.  

Zaki et al. reported the outcome of Cu2+ doping on structural, magnetic and 

dielectric characteristics of magnesium zinc ferrite prepared by using co-precipitation 

technique [29]. Cubic spinel structure has been affirmed from XRD analysis. Spinel 

structure has additionally been affirmed from IR spectra. A gain in saturation 

magnetization on raising the Cu2+ amount up to 0.2 is reported and a decrease has been 

found for Cu2+ content above 0.2.  

Naseri et al. described the consequences of calcination on the structural and 

magnetic characteristics of magnesium ferrites devised through a thermal-treatment 

method [30]. Using XRD characterization the crystallite size has been found to increase 

(7 nm to 12 nm) with raise in calcination temperature (673 K to 973 K). TEM 

characterization has shown an increase in particle size (5 nm to 8 nm) with raise in 

calcination temperature (673 K to 973 K). With raise in calcination temperature (673 K 

to 973 K), the lattice parameter has shown an increasing trend. FTIR characterization 

has shown two absorption bands close to 400 cm-1 and 560 cm-1 affirms the formation 

of metal ion-oxygen bond at octahedral and tetrahedral sites respectively. 
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Superparamagnetic behaviour has been reported for all calcined samples (673 K to 973 

K) using VSM characterization. 

1.7.3. Magnesium – Manganese ferrites 
Mg–Mn ferrites are soft ferrites with common formula MFe2O4 (where divalent 

metal ion is represented by M) and having spinel structure. The high resistivity and 

small eddy current losses of Mg–Mn ferrites are worthy for high-frequency applications 

[31-34]. Several researchers have analyzed and reported the properties of Mg- Mn 

ferrites [31-34].  

Kumar et al. observed the influence of gadolinium (Gd3+) doping on structural 

and magnetic characteristics of Mg–Mn nanoferrites processed by self-ignited solution 

combusting route [31]. Spinel structure has been reported for all the prepared samples 

using XRD characterization. Superparamagnetic nature has been observed for all 

prepared samples using VSM characterizations. An expansion in the crystallite size 

(13.4 nm to 16.1 nm) and lattice parameter (8.35 Å to 8.38 Å) has been specified with 

an increment in Gd3+ concentration for every studied sample. The saturation 

magnetization has been accounted for to diminish with increment in Gd3+ concentration 

for every studied sample. 

Modi et al. examined the consequences of magnesium doping on the structural 

and magnetic characteristics of manganese ferrites developed by co-precipitation 

method [32]. Spinel structure is affirmed from XRD characterization of annealed 

samples. The crystallite size using XRD characterization has been reported to decrease 

(38 nm-25 nm) with an increase in magnesium content. The particle size using TEM 

characterization has been mentioned to decrease (40 nm to 27 nm) with increase in 

magnesium content. Superparamagnetic behaviour has been observed at room 

temperature (300 K) for as prepared samples using Mossbauer spectra.  

Baba et al. have described that Mg-Mn ferrites hold high resistivity (>108 

ohm.cm) [33]. The discovery of magnetic garnets with resistivity in the range of >109 

ohm.cm has substituted the role of Mg-Mn ferrites in variety of microwave devices. 

With temperature Mg-Mn ferrites hold a low Curie temperature and poor stability of 

magnetic properties. The remanence and squareness ratios in garnets have been 

reported low in comparison to the values obtained for Mn-Mg ferrites. Garnets are 

suitable for permanent magnets whereas Mn-Mg ferrites are appropriate materials for 

circulators, switches, phase shifters and isolators.  
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Heiba et al. checked the consequences of cobalt doping on structural and 

magnetic characteristics of magnesium–manganese ferrite developed by citrate 

precursor technique [34]. Using XRD characterization, single phase spinel structure is 

remarked for all prepared samples. An increment in saturation magnetization and 

coercivity is reported on an enhancement in cobalt content up to 0.3 using VSM 

characterization whereas above 0.3 cobalt content saturation magnetization and 

coercivity decreases.  

1.7.4 Nickel-Zinc ferrites 
This class of soft ferrites has been studied owing to its high resistivity in 

comparison to other soft ferrites like Mg-Zn [28]. Owing to the high resistivity values, 

Ni-Zn ferrites are materials of selection for devices operating in the range l MHz to 

several hundred megahertz. Various researchers have synthesized a large number of 

nickel-zinc materials and reported them for different properties [35-38].  

Morrison et al. studied the structural and magnetic characteristics of Ni-Zn 

ferrite prepared by using reverse micelle technique at room temperature [35]. Pure 

spinel crystal structure of prepared sample has been confirmed from XRD 

characterization. Magnetism has been reported to decrease with the addition of 

diamagnetic zinc in Ni-Zn ferrite.  

Verma et al. have analyzed the structural and magnetic properties of Ni-Zn 

ferrites prepared by the citrate precursor method [36]. Pure spinel structure of prepared 

samples has been confirmed from XRD characterization. Samples sintered at 1200°C 

have shown better characteristics like Curie temperature, coercivity and saturation 

magnetisation.  

Ghodake et al. have examined the consequences of cobalt doping on the 

structural and magnetic characteristics of Ni-Zn ferrites processed by citrate-nitrate 

combustion route [37].  Pure spinel structure of all prepared samples has been observed 

from XRD characterization. The grains have been reported to be agglomerated from 

SEM characterization. The magnetic behaviour studied using VSM characterization 

shows an increase in saturation magnetization, coercivity and retentivity on cobalt 

doping. The real and imaginary part of initial permeability show a decrease whereas 

loss factor shows an increase with enhancing the cobalt doping in Ni–Zn ferrites.  

Sun et al. described the consequences of sintering temperature on Ni-Zn ferrites 

prepared by solid-state reaction technique [38]. Pure spinel structure for all prepared 
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samples has been observed from XRD characterization. Using SEM characterization an 

increase in the growth of grains has been observed with the rise in sintering temperature. 

1.8 Applications of magnetic materials: ferrites 
The oldest application of natural magnetite (i.e. ferrite) was to identify the 

direction with the help of compass. For the magnetic applications, natural ferrite is not 

a good choice due to its poor magnetic properties. The ferrites showing commitment 

towards commercial applications have been developed by Prof. Takei and Prof. Kato 

in Japan. Later Snoek and his collaborators in Holland have developed commercial soft 

ferrites. In USA, Schonberg has developed microwave ferrites and digital memories. 

For the first time, the large scale commercial application of ferrites are in television 

(T.V.) tube deflection yokes. With the progress in the synthesis methods of ferrites, the 

research and development of ferrites have took an unexampled importance. With the 

advent of new practical applications like communication satellites, radars, computers 

and memories, an equating increase in an end user market i.e. T.V., recorder and 

internet etc. has emerged. With change in market demands, from analog to digital there 

is an emergence of high frequency devices. Another potential demand for ferrites has 

emerged in automobile sector. 

Ferrites have also found applications in direct current circuits. The permanent 

magnets made of ferrite materials are being utilized in microphones, loudspeakers and 

to a great extent in movable electric motors. In direct current circuits ferrite materials 

are being employed as high pitch noise filters. The low saturation magnetization and 

cost has driven the ferrites to be used in direct current power supplies particularly in 

desktop PC and integrated circuit applications. The electronic devices which employ 

transistor circuits requires controlled direct current power supplies at reasonably 

modest voltages (5 V - 15 V). These regulated dc power supplies are of two types i.e. 

linear type and switching type. The linear type dc power supply comprises of a 

transformer, a rectifier and an output choke to bring down the remainder alternating 

current wavelet. The ferrites are used in the transformer and inductor region of choke. 

On the other hand, the switching type power supply produces a high frequency square 

wave from 50 Hz to 60 Hz alternating current by employing transistors, transformers 

etc. to obtain needed voltage at high frequency. In this case as the transformer and choke 

20 



“CHAPTER-1” 

 
 

works at high frequency so ferrite materials which are employed in linear type power 

supplies are to be replaced with high frequency ferrite materials. 

Ferrites are also employed in audio frequency applications. These audio 

frequency applications (20 Hz to 20 kHz) include devices like speakers, microphones 

etc. The enhanced frequency of these audio frequency devices above the utility 

frequencies, i.e. 50 Hz to 60 Hz, demands likewise ameliorated ferrites. In the 

frequency domain 102 kHz to 102 MHz the main electronic activities adds the fields of 

telecommunication i.e. radio, telephone and TV. These frequency domains are well 

covered by ferrites along with high quality and low energy losses. 

Ferrite materials are an important part of digital data storage i.e. computer 

memories and have also fulfilled the purpose of audio and video recording. Moreover, 

the raising miniaturization of various parts of computers and recording devices entails 

to the development of ferrites in nano dimensions. In magnetic recording ferrites are 

generally used. The read – write head ferrite material having ability to work at 

moderately high frequencies for recording applications requires low-coercivity and 

high permeability. For analog recording, the common option among magnetic materials 

is soft ferrites. Further the recording environment essentially have sufficiently low 

coercivity to be written on, sufficiently high retentivity to hold out recording for an 

indefinite time against local degaussing fields and adequately high magnetization to 

render a decipherable signal to the read head. The common option for audio recording 

is γ-Fe2O3 particles in an adaptable matrix. 

Ferrites are also finding usage in magnetic shielding. Many electronic gadgets 

should be protected from undesirable ac and dc attractive fields, and permalloy-type 

composites are utilized for this reason. For best outcomes, the protecting material must 

be given a high-temperature annealing subsequent to being framed into its final shape. 

Ferrites are finding them compatible in this regard. 

Magnetic materials particularly ferrites have been used in fluxgate 

magnetometers. These are instruments for exact estimation of fields practically 

identical in vastness to the Earth's field. They are utilized for geomagnetic overviews, 

archeological studying, and as sensors in input frameworks to drop the Earth's field in 

a test space. Different elaborations of the fluxgate magnetometer configuration have 

been proposed and constructed, some of which utilize alternate recognition 

frameworks. All are restricted to the estimation of low fields, commonly 1 or 2 Oe (80 

or 160 A/m) utmost. 
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1.9 Mn-Zn spinel ferrites and their applications 
Large saturation magnetization, biocompatibility, large electrical resistance and 

magnetic permeability are some of the gifted properties which makes Mn-Zn ferrite 

most adaptable among spinel ferrites [39-51]. Moreover, various synthesis techniques 

such as co-precipitation, auto-combustion, ball milling and hydrothermal etc. have the 

influence on characteristics of Mn-Zn ferrite [52-78]. In the last decade the synthesis 

and characterization of doped Mn-Zn ferrites with spinel structure has earned an 

impulse for various applications. To ameliorate the characteristics of doped Mn-Zn 

ferrites, the dimensions of ferrites are moved from bulk to nano regime. Nanoparticles 

of Mn-Zn ferrites are broadly utilized in ferrofluid displays, magnetic resonance 

imaging, drug delivery schemes and medical indicatives etc. [78,79]. Further, the 

synthesis technique, temperature of sintering, elemental composition of sample, ionic 

radii and distribution of cations over different sites are some of the factors on which 

structural, electrical and magnetic characteristics of spinel ferrites depend [80-87]. 

Effect of doping on the structural, magnetic, electrical and some other characteristics 

of Mn-Zn ferrites are investigated by several authors [47,70,88-91,99,100].  

Effect of Cr3+ doping on structural, magnetic and dielectric characteristics of 

Mn-Zn ferrites have been reported by Mansour et al. [88]. They have reported an 

increase in crystallite size with Cr3+ doping up to x=0.04 and thereafter it decreases. 

Superparamagnetic nature due to the soft ferrimagnetic character has been shown in all 

the samples. Maximum values of saturation magnetization, a.c. conductivity and 

dielectric parameters are reported at x=0.04 Cr3+ doping.  

Change in structural, magnetic and electrical properties have been analyzed by 

Angadi et al. for (Sm3+- Gd3+) doping in Mn-Zn ferrites [89]. They have observed an 

increment in crystallite size and a decrease in lattice parameter as well as strain with 

increase in (Sm3+- Gd3+) doping content. A decrease in retentivity, coercivity and 

saturation magnetization are described on an increment in (Sm3+- Gd3+) doping 

concentration.  

Jalaiah et al. [70] reported structural, electrical and magnetic characteristics of 

Mn-Zn ferrites with Ni2+ doping. They have described that the crystallite size increases 

with Ni2+ doping up to x= 0.06 and thereafter it decreases. Lattice parameter has been 

reported to increase up to x= 0.09 and then decreases with further Ni2+ doping. 

Coercivity has increased with Ni2+ doping. Saturation magnetization first shows a 

decrease up to x= 0.09 and then increases. Maximum magnetic moment has been 
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reported for the maximum Ni2+ doping (x= 0.15) content. The values of dielectric 

constant and dielectric loss tangent have been described to decrease with Ni2+ doping 

in Mn-Zn ferrites.  

Chandrasekaran et al. have reported structural and electrical properties of Al 

doped Mn-Zn ferrites prepared by ceramic double sintering method [90]. XRD study 

has affirmed the constitution of single phase spinel structure for every studied sample. 

A decreased in the measures of lattice constant with an increment in Al doping is on 

account of substitution of bigger Fe3+ ions with small Al3+ ions. In FTIR spectra, peaks 

from 400 cm-1 to 650 cm-1 have been reported which confirms the origination of metal 

ions- oxygen bonds at tetrahedral and octahedral sites for Al doped Mn-Zn ferrites.  

Anwar et al. [91] examined the result of cobalt doping on structural and 

magnetic characteristics of Mn-Zn nano ferrites processed by utilizing polyethylene 

glycol-aided co-precipitation and hydrothermal techniques. All peaks in XRD patterns 

affirm the establishment of pure spinel phase. Hydrothermal technique has shown 

comparatively spherical, uniform and homogenous nanoparticles as observed from 

SEM characterization. For samples developed by hydrothermal technique, average 

crystallite size calculated lie in 8 nm – 18 nm ± 2 nm range as compared to co-

precipitation technique (8 nm – 23 nm ± 2 nm). Average particle size computed from 

TEM (15 nm – 25 nm ± 5 nm) is in good agreement with the average crystallite size 

calculated using Scherer formula. Large measures of saturation magnetization 65emu/g 

at x = 0.25 cobalt doping has been observed for hydrothermal processed samples.  

Szczygieł et al. have accounted the structural and magnetic properties of Mn-

Zn ferrite prepared by sol–gel autocombustion synthesis technique [92]. Using Scherer 

formula crystallite size estimated is 65.9 nm and 40.8 nm from the (311) peak. In FTIR 

analysis, they have observed bands at frequencies near to 540 cm-1 indicating the 

establishment of metal ions oxygen bonds in tetrahedral and octahedral sites. As 

compare to bulk material the observed saturation magnetization (112 emu/g and 95.7 

emu/g) is lesser at 2 K.  

Baykal et al. have analyzed structural and magnetic characteristics of 

triethylene glycol encapsulated Mn-Zn ferrite nanoparticles processed by thermal 

decomposition [93].  FTIR characterizations reveal that samples show substantial metal 

cation - oxygen absorption bands around 550 cm-1. Morphology of nanoparticles shows 

homogeneous arrangement nanoparticles having spherical configuration along with a 

small degree of aggregation. This aggregation has been reported due to the existence of 
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magnetic interactions between the nanoparticles. At room temperature, 

superparamagnetic nature has been reported for the ferrite nanoparticles. The saturation 

magnetization has been reported by extrapolation of M vs 1/H plot to 1/H = 0. For a Zn 

content of 0.4 in Mn-Zn ferrite nanoparticles a maximum of saturation magnetization 

has been reported. 

Kotsikau et al. [94] studied the structural and magnetic characteristics of Mn-

Zn ferrites prepared by spray pyrolysis technique. Prepared sample have nanoparticles 

with an average diameter ~7 nm. SEM results show spherically shaped particles for 

prepared samples. In FTIR analysis, Kotsikau et al. [94] have mentioned bands at 

frequencies (420, 430 and 430) cm-1, (551, 571 and 559) cm-1 showing the 

establishment of metal ions oxygen bonds at octahedral and tetrahedral sites 

respectively. Curie temperature has been mentioned to be 375 K - 380 K.  

Mohamed et al. [95] accounted the structural and magnetic characteristics of Al 

doped Mn0.5Zn0.5Fe2O4 ferrite synthesized by sol–gel technique. XRD and FTIR results 

support the pure cubic spinel structure. The crystallite size has been given in range 4.5 

nm to 10.1 nm. The very fine particle size of all processed samples has been supported 

from TEM results. In FTIR study, the absorption bands from 565 cm-1 – 590 cm-1 and 

445 cm-1 – 480 cm-1 for all prepared samples supports the establishment of spinel 

structure of ferrites. Superparamagnetic behaviour has been reported for all prepared 

samples.  

Zhang et al. [96] examined the structural and magnetic characteristics of cobalt 

doped Mn-Zn ferrites devised by co-precipitation route [96]. They have found pure 

spinel phase of undoped Mn-Zn ferrites at 1150 °C. Using XRD results it is noted that 

there is a decrement in crystallite size with an increment in cobalt content up to 1.0 % 

(24.8 nm) and then increases (27.0 nm). Almost spherically shaped along with some 

agglomeration fine nanoparticles have been observed from TEM results. 

Superparamagnetic behaviour is revealed for entire cobalt added samples (0 % to 2 %) 

using VSM characterization.  

Gabal et al. [97] studied the consequences of aluminium doping on the structural 

and magnetic characteristics of Mn-Zn ferrites processed by sol–gel auto-combustion 

technique. The crystallite size figured out using Scherrer formula has been witnessed 

to decrease with an increase in aluminium doping (i.e. 38 nm to 5 nm). In FTIR spectra, 

two foremost absorption bands at approximately 600 cm-1 and 400 cm-1 supports the 

spinel ferrite structure of all processed samples. With the increment in aluminium 
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amount there is a continuing reduction in the saturation magnetization as reported using 

VSM. 

Kumar et al. [98] observed the result of indium doping on structural 

characteristics of Mn-Zn ferrites devised by oxalate co-precipitation route [98]. 

Increase in crystallite size, lattice constant and X-ray density has been observed with 

increase in indium (In3+) quantity in Mn-Zn ferrites. From SEM characterization, the 

morphology of nanoparticles shows uniform and loosely agglomerated spherically 

shaped particles.  

Kumar et al. [47] examined the structural and magnetic characteristics of 

indium (In3+) doped manganese-zinc nano ferrites devised by oxalate co-precipitation 

technique [47]. Pure spinel structure has been confirmed using XRD characterization. 

An increase in crystallite size up to y = 0.070 In3+ ions doping and thereafter it decreases 

for y =0.100 In3+ ions doping in Mn-Zn ferrites has been noted. From the VSM data 

analysis it has been shown that at lower concentration of In3+ ions there is an increase 

in saturation magnetization whereas for higher concentration it decreases significantly. 

Naik et al. [99] have examined the structural as well as magnetic characteristics 

of Mn-Zn ferrites after Nd3+ ion doping. Naik et al. have mentioned a decrement in 

crystallite size and an increment in lattice constant with Nd3+ doping. The saturation 

magnetization and magnetic moment first found to be decreased with Nd3+ doping (up 

to x=0.04) in Mn-Zn ferrites and then it increased.  

Yadav et al. [100] reported the structural as well as magnetic characteristics of 

Sm3+ doped Mn-Zn ferrites. There is a decrement in crystallite size and increment in 

lattice parameter as well as strain with enhance in Sm3+ doping. With an increment in 

Sm3+ content a growth in saturation magnetization has been described. 

Superparamagnetic (at x = 0, 0.1) and ferromagnetic (at x = 0.3, 0.5) behaviour has been 

observed by Yadav et al. [100] for investigated samples. 

1.10 Motivation of thesis work 
Extensive research work has been executed on Mn-Zn ferrites [101] motivated 

especially by their soft magnetism. At high frequencies Mn–Zn ferrites have 

distinguished properties e.g. high starting magnetic permeability, high electrical 

resistance and low power losses. On the manufacturing scale, Mn– Zn ferrites are 

created by the exemplary ceramic technique. These Mn-Zn ferrites are usually utilized 
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in transformer cores, microwave appliances, radio frequency coils, computer memory 

chips, antenna rods and electromagnetic interference devices. The structural and 

magnetic attributes of Mn–Zn spinel nanoferrites are governed through dopant, 

sintering temperature, synthesis technique etc. The possible usages of Mn–Zn nano 

ferrites are in the disciplines of biomedicine as magnetic carriers or bio-separators, 

and gas sensors, have been looked into a great extent. The novel spheres of application 

encourage the search for novel synthesis routes and assumptions. 

Large saturation magnetization, biocompatibility, large electrical resistance and 

magnetic permeability are some of the gifted properties of Mn-Zn ferrite which makes 

them most adaptable among spinel ferrites [39-51].  When the materials are explored 

in nano regime their properties has been observed to enhance by many folds. The large 

surface area and good interaction with different biological entities are the main 

advantages of magnetic nanoparticles in biomedical research [102-104]. 

Amongst magnetic nanoparticles, superparamagnetic nanoparticles have shown 

their competence in biomedical usages [105-107]. At room temperature, 

superparamagnetic nanoparticles have high saturation magnetization and the absence 

of both remanence and coercivity makes them appropriate for several biomedical 

usages like hyperthermia, biosensors bio-imaging, and drug delivery [108-112]. The 

monodispersity, core nature and size of the magnetic nanoparticles are responsible for 

the superparamagnetic behaviour [113]. 

The substitution with different lanthanide (RE3+ = La3+, Gd3+ & Nd3+) ions on 

the tetrahedral (A) or octahedral (B) sites of Fe3+ ions may have remarkable outcome 

on the magnetic properties of spinel ferrites. The magnetism in ferrites is controlled by 

the spin coupling of the d- electrons of Fe3+–Fe3+ interaction. The insertion of 

lanthanides (RE3+) in the spinel lattice may contribute to RE3+–Fe3+ interactions which 

may further modify the magnetic behaviour of lanthanide ion doped Mn-Zn spinel 

ferrites. Since the interactions between RE3+- RE3+ ions are indirect and are weak in 

nature in comparison to d - d interactions [114,115]. Moreover, the RE3+ (= La3+, Gd3+ 

& Nd3+) ions have larger radii and also bear a stable valence (3+) state. Further, in 

literature it has been reported that the doping of lanthanides at higher concentration in 

soft spinel ferrites leads to the development of secondary phase [116,117]. Synthesis 

technique and after synthesis treatments (like sintering temperature etc.) have also 

major impression on the various characteristics of soft spinel ferrites [24,27,30,55,67]. 

Co-precipitation synthesis technique is one of the best and suitable processing 
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techniques to prepare magnetic nanoparticles due to its advantages like simple 

experimental set up, inexpensive, less time consumption and various parameters (pH 

level, temperature etc.) to control the particle size [118].  

Considering the above mentioned points, the lanthanide (RE3+ = La3+, Gd3+ & 

Nd3+) doped Mn0.5Zn0.5RexFe2-xO4 (x=0, 0.025, 0.050, 0.075, 0.1) spinel ferrites have 

been synthesized via co-precipitation technique and are investigated for structural, 

morphological and magnetic characteristics. The X-ray diffraction (XRD), Fourier 

transform infrared spectroscopy (FTIR), energy dispersive X-ray spectroscopy (EDS), 

field emission - scanning electron microscopy (FE-SEM) and vibration sample 

magnetometer have been employed to investigate the structural, morphological and 

magnetic characteristics of synthesized samples. 

1.11 Outline of thesis 
This thesis has been divided into six chapters. Chapter 1 includes the general 

introduction of magnetic materials and their classification, ferrites: history and 

development, soft ferrites and hard ferrites. The literature survey of soft ferrites 

considering structural, morphological and magnetic properties has also been included 

in this chapter. A particular stress has been laid on the Mn-Zn spinel ferrites and their 

applications and finally the motivation behind this thesis work has been described. 

In chapter 2, the methods for the synthesis of ferrites along with their 

characterizations are presented. A short theoretical background has also been given for 

the various characterization techniques. 

Chapter 3 contains the role of sintering temperature to determine the physical 

properties of the spinel nano ferrites. In this chapter, the synthesis and characterizations 

(XRD, FTIR and FE-SEM) of Mn0.5Zn0.5Fe2O4 nano ferrites have been described for 

the optimization of sintering temperature. 

Chapter 4 includes the importance of dopant in establishing a property-

composition relation. In this chapter, the addition of lanthanides (La3+, Gd3+ & Nd3+) to 

Mn-Zn cubic spinel ferrites for the structural and morphological study has been 

described. XRD, FTIR and FE-SEM characterization techniques have been employed 

for the   structural and morphological study. 

Chapter 5 contains the magnetic properties of lanthanides (La3+, Gd3+ & Nd3+) 

doped Mn-Zn spinel ferrites. The chapter also contains the proposed cation distribution 
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for the investigated spinel ferrites and the viability of distribution is utilized to explain 

the magnetic properties. 

Chapter 6 presents the general discussion and summary of the work done. The 

future scope of the thesis work has also been included in this chapter. 

General chapters, i.e. introduction, experimental details and summary are 

applicable to all the results.  The other chapters have their own introduction, 

experimental details (if different), results, discussion and conclusion. In bibliography, 

the references are given chapter-wise. 
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In this chapter, the methods for the synthesis of ferrites along with their 

characterizations have been presented. A short theoretical background has also been 

given for the various characterization techniques. 

2.1. Synthesis Techniques 

Particle size as well as grain morphology of ferrite powders strongly depend 

upon the synthesis technique. The structural, morphological, elemental and magnetic 

characteristics of Mn-Zn ferrites efficaciously rely on the method of production. Here, 

a brief description of various techniques viz. conventional mixed oxide synthesis, sol 

gel synthesis, sol gel auto combustion synthesis, hydrothermal synthesis and co-

precipitation synthesis used by several researchers for the synthesis of ferrites have 

been discussed.  

2.1.1. Conventional Mixed Oxide Synthesis Technique 

Conventional mixed oxide synthesis technique (also known as solid state 

technique) is an old technique but still is used by various industries in great demand 

from many years [1,2]. In this synthesis technique purity, particle size and chemical 

behaviour of the starting materials play an important role. This synthesis technique 

requires high purity of starting materials in oxide form to get good results for Mn-Zn 

ferrite powder. The starting materials in oxide form are mixed together and directed to 

calcination in air at 900 °C – 1300 °C [3,4]. After the calcination process the 

agglomerated ferrite particles are crushed either using ball milling or mortar & pestle. 

The crushed powder is then bound into pellet form and sintered at 1100 °C to 1400 °C 

[3,4]. 

2.1.2. Sol Gel Synthesis Technique 

For the synthesis of nanoparticles sol gel is an extremely aged technique. 

Historically, Ebelmen in 1846 was the first to employ this technique [5,6].  The major 

advantage of this technique is that it overcome the problem of unwanted active dirt in 

nearby atmosphere which is generally produced in mixed oxide synthesis. This 

technique provides a good way to synthesize high quality nanomaterials with good 

chemical match. In sol-gel synthesis technique; steady disruption of colloidal particles 

inside a solvent are meant for sol and ingredient elements make three dimensional 

porous system are known as gel. During this synthesis technique, some organic acid in 

the form of a complexing agent is added in the aqueous solution of starting materials 
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with constant stirring at a temperature of 80 °C ± 5 °C and a gel of extreme thickness 

has been prepared [7,8]. The prepared gel has been then desiccated all-night in a hot air 

oven at 60 °C ± 5 °C. The dried gel is then crushed into powder form using mortar & 

pestle.  

2.1.3. Sol Gel Auto Combustion Synthesis Technique 

Sol gel auto combustion synthesis technique is a customized form of sol gel 

method. Combustion synthesis technique or high temperature synthesis by self-

circulation could be the proper name for this synthesis technique. This technique is 

good to obtain nano range particles of ceramic oxides. To attain nanoparticles of 

transition metals (oxide form), this is an easy, low price and rapid synthesis technique 

in comparison to earlier mentioned synthesis methods. Mainly, there are three eminent 

combustion synthesis techniques or may be a combination of the three techniques; (i) 

condensed phase combustion in which starting materials are in solid state (ii) solution 

combustion in which starting materials are in liquid state (iii) gas phase combustion  in 

which starting materials are in gaseous state  [9]. The third technique is useful to get 

fine nanoparticles. Generally, to combustion method tartaric acid, glycine, citric acid 

and urea are mostly used as fuel. During the synthesis an appropriate fuel in organic 

form is mixed with the aqueous solution of preferred precursors. The pH level is 

adjusted with the addition of some hard base. The mixture is evaporated at temperature 

65 °C – 75 °C ± 5°C to obtain dried out gel. To obtain powder form, this dried out gel 

is heated at 250 °C ± 50°C (say) depending on the fuel used [9]. 

2.1.4. Hydrothermal Synthesis Technique 

            Hydrothermal synthesis technique is a famous process to synthesize 

nanoparticles at high temperature and high pressure. In this synthesis technique, the 

solutions of precursors are formed first and an adjustment of pH level is made. After 

this the solution is put inside an autoclave and tightly closed autoclave is put inside the 

furnace. As the temperature around the autoclave increases in furnace then pressure 

inside the autoclave also increase. Mostly at an optimized temperature of 100 °C - 150 

°C autoclave is kept inside a furnace for few hours. After this sample is taken out of the 

autoclave, washed a number of times with distilled water and desiccated in a hot air 

oven. Dried powder of nanoparticles is used for further characterizations. Environment 

sociable behaviour during preparation of nanoparticles is the main benefit of this 
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technique. To prepare nanoparticles of soft ferrites various scientists used this technique 

[10-12]. 

2.1.5 Co-precipitation Synthesis Technique 

Extremely simple steps of synthesis, inexpensive, less time consumption and 

various parameters (pH level, temperature etc.) to control the particle size are some of 

the major benefits of co-precipitation synthesis technique, which makes it special in 

comparison to other synthesis methods [13,14]. Co-precipitation synthesis technique is 

one of the best and suitable synthesis techniques to process magnetic nanoparticles 

[13,14]. During this process, first solution of precursors (chloride, sulphate, nitrate etc.) 

is prepared using distilled water and after that there is addition of some solvent (NaOH, 

KOH, NH3 etc.) in inorganic form to adjust pH level from 8 to 14 under constant stirring 

at 70 °C to 80 °C ± 5 °C. The obtained precipitates are washed with distilled water for 

several times to eliminate the impurities and dried in a hot air oven generally at 60 °C 

to 80 °C ± 5 °C. Dried out sample of nanoparticles is crushed into powder form and 

sintered to produce pure crystal structure. Various authors had reported formation of 

ferrite nanoparticles using this synthesis technique [15-17].  

In this thesis work, magnetic nanoparticles of lanthanide (RE = La, Gd, Nd) 

doped Mn-Zn ferrites are prepared by means of co-precipitation synthesis method. 

Schematic diagram for the synthesis of lanthanide (RE) added Mn-Zn ferrites is shown 

in Figure 2.1. To synthesize a composition, the precursors used have been taken in 

solution form. Solution of chloride as starting materials has been poured into solution 

of NaOH under constant stirring at 80 °C ± 5 °C for 60 minutes. The pH of solution has 

been maintained at 11- 12 during the precipitation of particles.  The precipitates are 

collected, washed a number of times and then dried out all-night at 80 °C in a hot air 

oven. After this desiccated precipitates are broken down to powder form and sintered 

at 1373 K for 3 hrs. Planned chemical reaction for the synthesis of Mn0.5Zn0.5RExFe2-

xO4 spinel nano ferrites, where x=0, 0.025, 0.050, 0.075, 0.1, has been given below;  
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Figure 2.1: Schematic diagram of co-precipitation technique for the synthesis of 

lanthanide (RE = La, Gd, Nd) doped Mn-Zn ferrites. 

2.2. Characterization Techniques 

2.2.1. X-Ray Diffraction 

To investigate the nanoparticles for their crystal structure and also for the 

calculation of various structural factors (crystallite size, dislocation density, interplanar 

spacing, strain, packing factor and lattice constant) X-ray diffraction is generally used 

as a main characterization technique. X-ray (in collimated form) of wavelength 

0.154056 nm incident on a sample and diffraction occurs by the crystalline planes 

present in that sample during X-ray diffraction. 
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Figure 2.2: Diffraction of X-rays from various planes. 

 

 

Figure 2.3: SHIMADZU analytical: XRD 6000 diffractometer. 
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Bragg's law [18] shows that  

                                             2𝑑𝑠𝑖𝑛θ = 𝑛𝜆                                                                    (2.1) 

where θ is angle of diffraction, d is interplanar spacing, n denotes an integer and 

wavelength of X-ray is denoted by λ (figure 2.2). X-ray diffraction graph is plotted 

using the values of 2θ (angle of diffraction) in x-axis and intensity of diffracted x-rays 

in y-axis. Full width at half maximum (FWHM) and 2θ values of diffraction peaks is 

used to calculate the crystallite size and also some other structural parameters can be 

calculated using these values with interplanar spacing (d). In present work, X-ray 

diffraction (XRD) of sintered samples has been carried out using SHIMADZU: XRD 

6000 with Cu-Kα (1.54056 Å) for the investigation of lanthanide (RE = La, Gd, Nd) 

doped Mn-Zn ferrites (figure 2.3). 

2.2.2. Fourier Transform Infrared Spectroscopy  

Fourier Transform Infrared Spectroscopy (FTIR) uses the process in which 

energy ray of infrared region creates vibrational activity in chemical bonds. Sample 

energy pairs with infrared energy when it is exposed to infrared region. Intensity level 

of infrared light’s ray is evaluated before interaction with the sample as well as after 

the interaction if a resonance occurs between striking infrared energy and chemical 

bond’s energy with in the sample.  

 

Figure 2.4: Perkin Elmer spectrophotometer (model-65). 
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During experiments of transmission otherwise reflection there is a detection of incident 

energy in the form of radiation. A plot of intensity in y-axis and frequency in x-axis 

gives a FTIR spectrum. To obtain the data about the structure of molecules present in a 

compound, FTIR spectroscopy is a valuable characterization tool. Peaks due to 

transmittance otherwise absorbance in FTIR spectrum represent vibrational frequencies 

which occur among the atomic bonds present inside the sample. Various functional 

groups available in the material can be recognized using these peaks (vibrational 

frequencies) [19].  

In present work, Perkin Elmer (model-65) spectrophotometer (Figure 2.4) is 

utilized in the spectral region 400 cm-1 to 1000 cm-1 at room temperature to study the 

origination of spinel ferrite structure of synthesized lanthanide (RE = La, Gd, Nd) doped 

Mn-Zn ferrites. 

2.2.3. Field Emission - Scanning Electron Microscopy and 

Electron Dispersion X-Ray Spectroscopy 

Field emission - scanning electron microscope (FE - SEM) provides us image 

of sample surface using rich electron beam with raster scanning above the surface of 

sample. Interaction between the electrons and atoms constituting the sample create 

signals that specially hold data regarding topography and composition of the sample 

surface [20]. Little beam of electron gun offers a huge as well as steady current. 

Thermionic and field emitters are two sources for the emission. In scanning electron 

microscope (SEM) and field emission - scanning electron microscope (FE-SEM), the 

type of emitter creates a major difference. Filament is heated up by an electrical current 

in case of thermionic emitters. Tungsten (W) as well as lanthanum hexaboride (LaB6) 

are two major materials used in filaments. Electrons become able to escape from the 

material, as filament material’s work function conquers by sufficient heat. In case of 

thermionic emitters some problems respective to the cathode material’s vaporization, 

thermic drift and poor brightness occur throughout the process. To overcome these 

problems, single mode to produce electrons is field emission. Filament does not get 

heating up by cold cathode field emitter (source of field emission). Emission occurs 

when filament is placed in the presence of giant electrical potential gradient. Tungsten 

wire shaped into a shrill point (~ 100 nm) is generally used as field emission source. 

Focused electric field of great intensity to lower the material’s work function and 

ejection of electrons from cathode is the importance of this sharp tip (~ 100 nm). This 

37 



“Experimental details” 

 

source of field emission (FE) sensibly merges with the scanning electron microscope 

(SEM). Source of field emission generates an extremely small electron beam (~1000 

times) in comparison to ordinary microscope among thermic electron gun and due to 

this reason quality of image is enhanced in case of field emission scanning electron 

microscope (FE-SEM) (Figure 2.5). 

Material’s elemental composition at low amount (micron level) is recognized 

using an easy and great technique known as EDX otherwise EDS (energy dispersive X-

ray spectroscopy). EDS instrumentation is attached with FE-SEM and SEM to gain data 

about the elements present in sample during study. In EDS, there is detection of X-rays 

when an electron beam falls on the sample. Atoms present in the sample get excited 

and to release the extra energy generate X-rays. This extra energy generated by atoms 

in the form of X-rays makes peaks in EDS spectrum.  

 

Figure 2.5: FE-SEM Quanta 200 FEG 

In present work, morphological as well as elemental study of lanthanide (RE = 

La, Gd, Nd) doped Mn-Zn ferrites samples have been performed using FE-SEM (field 

emission - scanning electron microscope) and EDS (energy dispersive X-ray 

spectroscopy) (FE-SEM Quanta 200 FEG and EDS, Oxford Instruments). 

2.2.4. Vibrating sample magnetometer  

Magnetic moment of sample (in solid form) is obtained using vibrating sample 

magnetometer (VSM). Faraday’s law of induction applies for vibrating sample 

magnetometer, which shows that an electric field will be created on varying in magnetic 

38 



“CHAPTER-2” 

 
 

field [21]. Variable magnetic field’s data can be calculated after measuring this electric 

field. A VSM is used to measure the magnetic conduct of magnetic materials. When 

sample under investigation is subjected to a constant magnetic field, a dipole moment 

is induced in the sample which is proportional to the product of applied field and 

susceptibility. An electrical induction will be caused in the fixed electromagnetic coils, 

when sample experiences a sinusoidal movement. Magnetic moment along with 

amplitude and frequency of vibration is proportional to this induction.  

In present work, magnetic properties of lanthanide (RE = La, Gd, Nd) doped 

Mn-Zn ferrites samples are studied by employing vibrating sample magnetometer 

(PAR-155) in a magnetic field range −10 kOe to +10 kOe at room temperature (Figure 

2.6). 

 

 

Figure 2.6: Vibrating sample magnetometer (PAR-155). 
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Sintering temperature assumes an essential part in deciding the physical 

properties of the spinel nano ferrites. In this chapter, the synthesis and 

characterizations (XRD, FTIR and FE-SEM) of Mn0.5Zn0.5Fe2O4 nano ferrites have 

been described for the optimization of sintering temperature. 

3.1 Introduction 
In soft magnetic materials, Mn–Zn ferrites are highly significant due to their 

large electrical resistivity, large early magnetic permeability and large saturation 

magnetization along with small power losses [1-3]. For high frequency applications, 

soft ferrites are being majorly used among the magnetic materials due to their low 

price [4-6]. The presence of five odd electrons in the outer shell of Fe3+ ions mainly 

governs the magnetic properties and are responsible for the large magnetic moment of 

Mn-Zn ferrite in contrast to the presence of other ions in Mn-Zn ferrite [7]. As 

discussed in chapter 2 the synthesis technique of nanomaterials play a vital role in 

determining their properties. Several authors have reported the synthesis of Mn–Zn 

ferrite employing different methods and found that the properties are improved to a 

great extent [1, 8-10]. When studying the properties at nanoscale the synthesis 

method’s role has an intense effect on the properties of ferrites [11-13]. Post synthesis 

treatments of ferrites (like sintering temperature etc.) has also shown their effect on 

the structural, morphological and other properties [1].  

The sintering process can be understood via two methods i.e. sintering in 

liquid state and sintering in solid state. For solid state sintering the densification can 

be achieved in the absence of any melting of phase. To make the sintered packs 

impenetrable, the diffusion between the grains spiels a crucial role. On the other hand 

for liquid state sintering the melting is a compulsorily required state. In liquid state 

sintering, the high densification of the pack can be achieved on the application of 

capillary forces. In other processes of sintering, there is viscous flow sintering where 

densification can be achieved for grains without any modification in their shape. One 

more process of sintering is transient liquid state sintering where the combination of 

sintering in liquid state and sintering in solid state may also be explored for the 

sintering of samples. 

3.1.1 Contemporary sintering processes 
Sintering is generally performed in a muffle furnace where one can control the 

temperature. This process is well known and also named as conventional sintering. 
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There are various issues associated with this conventional sintering, e.g. 

inhomogeneous heating, ungoverned grain development and disappearing of nano-

crystallinity on account of sustained sintering time etc. To overcome the problems 

faced in conventional heating some other sintering processes have been developed.  

The sintering methods which have been regarded with great favour and approval to 

obtain high quality microstructures in innovative ceramics are discussed below. 

3.1.2 Plasma sintering process 
This process involves the formation of pellets of ferrite powder (say) with the 

help of a graphite die by employing a uniaxial pressure along with the application of 

direct current in flip-flop way. The plasma discharge in ferrite powder, which is the 

phenomenon of Joule heating, will make high density pellets of ferrites. 

3.1.3 Hot press sintering process 
This process is utilized to obtain high density ceramic oxides. In this process 

the ceramic oxide powder is hot pressed on the application of high pressure. The high 

pressure is maintained during the whole sintering process. This high mechanical 

pressure ameliorates the reactivity of ceramic oxide powder constituents. The 

development of grains can be controlled on varying the compressing duration. 

3.1.4 Microwave sintering process 
The formal sintering process involves the flow of heat from the surface of 

sample to region that is inside of the sample leading to generate a temperature 

gradient. On the other hand, in microwave assisted sintering process the whole sample 

heats up at a faster rate and thereby deprived of creating a temperature gradient 

between surface and inner region of sample. The microwave assisted sintering process 

is a very rapid process. The compactness in the sample is achieved through the 

microwave frequency (GHz) which produce sufficient amount of heat. In this process 

one can optimize the heating rate and sintering temperature. 

3.1.5 Two-step sintering process 
The simple and improved sintering process which sinters the ceramics without 

compromising their nano crystallinity is termed as two-step sintering process. The 

first step in this process is to heat the sample to suitable higher temperature and then 

in second step this high temperature is brought quickly down to 50 oC – 100 oC. The 

second step temperature is retained for a sufficiently long time to sinter the sample. 

This method is suitable to form high density ceramics having fine grained 

microstructures. 
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The various sintering processes discussed above provides different scientific 

ways, but these processes are not up to the mark i.e. are not totally consistent. To 

consider these sintering processes on commercial scale similar to conventional 

sintering process, a lot of research is required further. In our work, conventional 

sintering process has been employed to optimize the sintering temperature of prepared 

manganese – zinc ferrite samples. Result of sintering temperature upon the structural 

and additionally magnetic characteristics of Mn-Zn ferrites are described by several 

authors [1, 8-10]. Structural along with magnetic characteristics of Mn–Zn ferrite with 

sintering from 500 °C to 900 °C has been examined by Mathur et al. [8]. Increase in 

crystallite size from 19.3 nm to 36.4 nm and also a rise in saturation magnetization 

with an increment in the sintering temperature have been reported. Structural along 

with magnetic characteristics of annealed Mn-Zn nano-ferrites from 160 °C 

(untreated) to 900 °C have been reported by Kumar et al. [9]. It is described that with 

the rise in annealing temperature hematite phase goes on diminishing. Further, an 

enhancement in crystallite size as well as saturation magnetization is accounted with 

the rise in annealing temperature. Role of sintering temperature upon the magnetic 

characteristics of manganese-zinc nano ferrite (from 700 °C to 950 °C) has also been 

examined by Azadmanjiri [10]. The initial permeability has been found to rise with 

sintering temperature. Impression of sintering (400 °C to 1200 °C for 1 hr) upon 

microstructure as well as magnetic characteristics of manganese-zinc ferrite samples 

processed by auto-combustion method has been analyzed by Ping Hu et al. [1]. An 

enhancement in the crystallite size on increasing the sintering temperature up to 1100 

°C is reported and above 1100 °C temperature crystallite size reduce. An increase in 

saturation magnetization has also been reported by Ping Hu et al. on an increment of 

sintering temperature. 

In this chapter, the Mn-Zn ferrites synthesized by co-precipitation method 

have been sintered at 973 K, 1173 K and 1373 K and investigated the impact of 

sintering temperature using XRD, FE-SEM and FTIR analysis. 

3.2 Synthesis and characterization of Mn0.5Zn0.5Fe2O4 nano 

ferrites 
Co-precipitation synthesis technique has been employed aiming to the 

formation of Mn0.5Zn0.5Fe2O4 ferrite powder. The starting materials, manganese 

chloride, zinc chloride, iron (III) chloride and NaOH have been procured from Merck 
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India (98% purity) and are used as received. The general details of co-precipitation 

technique are already discussed in section 2.1.5. For the synthesis of Mn0.5Zn0.5Fe2O4 

nano ferrites, a schematic diagram has been depicted in figure 3.1. 

 

Figure 3.1: Schematic diagram for preparation of Mn0.5Zn0.5Fe2O4 ferrite powder. 

 

In 60 ml of distilled water, 3M solution (0.5M manganese chloride + 0.5M 

zinc chloride +2M iron (III) chloride) of starting materials has been prepared (say 

stock 1). In 100 ml of distilled water, 4M NaOH solution has been prepared (say stock 

2). The stock 1 has been decanted into the bubbling solution of NaOH under mixing. 

The value of pH has been held at 11 to 12 throughout the co-precipitation. The 

reaction has been put to force at 353 K–358 K temperature for an hour under 

energetic stirring. The obtained precipitates have been left to settle at room 

temperature. The obtained precipitates are washed a number of times with double 

distilled water followed by overnight drying in an oven at 353 K. The desiccated 

sample has been broken down to powder with the help of mortar and pestle. Some of 

the dried powdered sample has been divided into three parts and subjected to different 

sintering temperatures i.e. 973 K, 1173 K and 1373 K. After sintering, the samples 

have been examined by employing X-ray diffraction, field emission scanning electron 

microscopy and Fourier transform infrared spectroscopy. The instrumental details 

have been given in chapter 2.  
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   3.3. Structural and morphological analysis 
Figure 3.2 shows XRD plots of manganese-zinc ferrites sintered at 973 K, 

1173 K and 1373 K temperatures. Origin of perfect spinel phase for sample sintered at 

1373 K has been confirmed from the presence of (111), (220), (311), (222), (400), 

(422), (511), (440) and (533) planes which are in accordance with JCPDS 74-2401. 

The obtained results show that the co-precipitation method when combined with 

sintering (at 1373 K) can be utilized to synthesize a pure phase of Mn–Zn ferrite. 

Table 3.1 shows the calculated average crystallite size at different sintering 

temperatures (973 K, 1173 K and 1373 K) using Scherer’s formula. A few secondary 

XRD reflections of Fe2O3 phases (JCPDS 33-0664) have been observed for Mn-Zn 

nano ferrites sample sintered at 973 K & 1173 K [14]. Fe2O3 start to fade out over 

1173 K. Furthermore, a good-crystallized clear Mn–Zn ferrite phase appears at 1373 

K. An increment in crystallite size on enhancing the sintering temperature to 1373 K 

has been observed. Coalescence process is responsible for the enhancement in 

crystallite size with raise in sintering temperature [15]. On an increment in the 

sintering temperature there is a reduction in dislocation density whereas the values of 

lattice constant increases. A reduction in the lattice stress is created because of inward 

shrinking of atoms lying on the crystallite surface with increasing the sintering 

temperature. This leads to an increase in lattice constant with an increment in 

crystallite size in the prepared samples. An increase in cell volume leads to a decrease 

in density and this is the cause for the increase in crystallite size on raising the 

sintering temperature [15]. A pure crystallized single Mn–Zn nano ferrite phase has 

occurred because of this higher sintering temperature (1373 K). 
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Figure 3.2: XRD graph of sintered Mn0.5Zn0.5Fe2O4 nano ferrites 

 

Scherrer’s formula;  cos/9.0D  has been used to determine the average 

crystallite size (D), where θ is Bragg’s angle, λ = 0.154056 nm makes up the 

wavelength of X-ray and β makes up the FWHM value. The relation; dDP /  has 

been used to calculate the packing factor (P), where d makes up the interplanar 

spacing and D represents the average crystallite size. The relation; 
2/1222 )( lkhda   

is employed to determine the lattice constant (a), where d is the interplanar spacing. 

Williamson–Hall relation;  sin4)/(cos  Dk  is utilized to determine the strain 

(), where k (=0.9) is a constant. The relation; aD/15   has been used to determine 

the dislocation density (δ). The Bragg’s relation;  nd sin2 has been used to 

determine the interplanar spacing (d), where θ is Bragg’s angle and λ = 1.54056 Å (X-

ray wavelength). The values of average crystallite size (D), dislocation density (δ), 

strain (), packing factor (P), lattice constant (a) and interplanar spacing (d) estimated 

from XRD data have been presented in table 3.1. Figure 3.3 shows Williamson-Hall 

(W-H) plot for the determination of strain. 
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The positive slope for the sintered samples sintered at 973 K, 1173 K shows 

tensile strain. Kumar et al. have also showed similar results which are comparable to 

these results [16]. For the sample sintered at 1373 K, the W-H plot shows a negative 

slope allowing to conclude a compressive strain. Thankachan et al. have also 

described similar results [17]. A decrease in the values of  and δ has been observed 

with sintering temperature (Table 3.1). On increment in sintering temperature an 

enhancement in average crystallite size, lattice constant, packing factor and 

interplanar spacing has been observed (Table 3.1). 

Figure 3.4 shows the Fourier transform infrared (FTIR) spectra of sintered 

Mn0.5Zn0.5Fe2O4 nano ferrites. The spinel ferrite structure of the synthesized 

Mn0.5Zn0.5Fe2O4 nano ferrites is confirmed by the presence of two absorption bands 

i.e. υ1 at 421 cm-1 - 491 cm-1 and υ2 at 516 cm-1-592 cm-1. The absorption band υ2 (at 

516 cm-1-592 cm-1) supports the origination of metal - oxygen ions linkage at 

tetrahedral position whereas the absorption band υ1 (at 421 cm-1 - 491 cm-1) affirms 

the appearance of cation - oxygen bonds at the octahedral position [18]. The effect of 

increasing the sintering temperature is visible from the shift of absorption bands. 
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Figure 3.3: W-H plots of sintered Mn0.5Zn0.5Fe2O4 ferrites. The sintering temperature 

is given in each plot 
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Figure 3.4: FTIR spectra of sintered Mn0.5Zn0.5Fe2O4 sample. 

 

For octahedral and tetrahedral sites, the force constants of ions have been estimated 

using the absorption band frequencies (υ1 & υ2) [19];  2224 cK  , where K makes 

up the force constant (Ko for octahedral position and Kt for tetrahedral position), c 

represents the speed of light (used in cgs), µ represents the reduced mass of Fe3+ and 

O2- ions (= 2.601×10-23 g) and υ makes up the vibrational frequency ions at tetrahedral 

and octahedral locations. The measures of Ko and Kt calculated using above relation 

are presented in table 3.2. With an increment in sintering temperature of 973 K to 

1373 K there is variance in the estimations of force constants Ko and Kt. This exhibits 

a variation in the distance of cation - oxygen ions at the tetrahedral and octahedral 

positions [19]. 

The sintered manganese-zinc nano powder has been looked into by the field 

emission scanning electron microscopy (FE-SEM) for the morphological analysis. 
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Figure 3.5: FESEM images of Mn0.5Zn0.5Fe2O4 sample sintered at (a) 973 K 

(b) 1173 K and (c) 1373 K. 
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The manganese-zinc ferrite nanoparticles sintered at 973 K temperature has 

less particle size in comparison to the nanoparticles sintered at higher temperature (i.e. 

1373 K). From the FE-SEM images (figure 3.5(a), 3.5(b) and 3.5 (c)) it is clear that 

the particle size enhances as the sintering temperature is raised from 973 K to 1373 K. 

The high sintering temperature leads to the development of homogeneous crystalline 

structure. 

3.4. Conclusion 
The co-precipitation synthesis technique has been used for the preparation of 

Mn0.5Zn0.5Fe2O4 ferrite. The synthesized ferrite sample has been subjected to sintering 

at 973 K, 1173 K and 1373 K temperatures. Structural analysis (using XRD) at three 

sintering temperatures detects a single phase cubical spinel at 1373 K whereas a 

secondary phase Fe2O3 has been observed at lower sintering temperatures.  The 

average crystallite size is detected to increase (11.38 nm to 67.42 nm) with the 

increasing sintering temperature (973 K to 1373 K). The presence two absorption 

bands (421 cm-1 - 491 cm-1 and 516 cm-1 - 592 cm-1) in FTIR spectra have supported 

the formation of spinel ferrite. FE-SEM images have shown the constitution of 

homogeneous crystalline nanoparticles with raise in sintering temperature. 

Considering these results, we have taken the sintering temperature as 1373 K for 

further investigation of doped Mn-Zn ferrites. 
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Addition of dopant is an important parameter in establishing a property-

composition relation. In this chapter, the addition of lanthanides (RE3+ = La3+, Gd3+ & 

Nd3+) to Mn-Zn cubic spinel ferrites for the structural and morphological study has been 

described. XRD, FTIR and FE-SEM characterization techniques have been employed 

for the   structural and morphological study. The chapter has been divided into four 

sections comprising; introduction, experimental details, results & discussion and 

conclusion. 

4.1. Introduction 
Over the last few years spinel ferrites have shown the competence in various 

technological applications like high-frequency devices, catalysis, microwave devices 

etc. [1-5]. These materials have also shown their usefulness in biomedical applications 

particularly for hyperthermia and drug delivery [6, 7]. Spinel ferrites exists in AB2O4 

form with A as divalent metal ion (e.g. Mn2+, Co2+, Zn2+, Mg2+, Ni2+ etc.) and B as 

trivalent metal ions {e.g. rare earth metals (La3+, Gd3+ etc.), In3+, Al3+ etc.}. The places 

occupied by A ions are known as tetrahedral sites and the places occupied by B ions are 

known as octahedral or B-sites. For the different characteristics of spinel ferrites the 

arrangement of ions in these sites is responsible [1]. The structural, electrical and 

magnetic characteristics of spinel ferrites are being systematized by way of their 

chemical configuration, synthesis technique, type of dopant and particle size [2]. 

Among various soft ferrites, manganese-zinc spinel ferrites have shown their 

importance due to their application in high frequency devices and property of high 

initial magnetic permeability [8,9]. The magnetic properties of manganese-zinc spinel 

ferrites have shown their dependence on sintering temperature, sintering time, particle 

size, microstructure, etc. [8]. Manganese-zinc spinel ferrites are widely used in 

computer memory chips, antenna rods, electromagnetic interference devices, 

transformer cores, microwave devices, radio frequency coils and some other devices of 

microelectronics due to some unique properties [8]. Different synthesis techniques viz.  

sol−gel, sol−gel autocombustion, hydrothermal, co-precipitation etc. have been 

employed by various researchers to prepare manganese-zinc spinel ferrites [6,10-21]. 

Evolution of microstructure and homogeneous compositions on mixing the precursors 

at molecular stage are the primary advantages of these synthesis techniques [10-20]. 
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Addition of rare earth elements to manganese-zinc spinel ferrites has shown 

large magnetization, magnetocrystalline anisotropy and elastic distortion on the action 

of magnetizing force at low temperatures [22]. The confined electrons of 4f shell and 

firm spin-orbit coupling of the angular momentum of RE3+ ions are mainly causative 

for the appearance of these prominent properties in manganese-zinc spinel ferrites [22]. 

Further, a shielding is provided to 4f electrons by 5s2 and 5p6 shells and this leads to 

make a little effect of potential field of adjacent ions on the 4f electrons. There is 

migration of some divalent metal ions from B site to the A site with the transposition 

of the RE3+ ions in spinel ferrite. Relocation of metal ions from octahedral (B) location 

to the tetrahedral (A) location also depends upon the size of ionic radii in spinel ferrite 

[22]. It is difficult to put in RE3+ ions into the spinel structure of ferrite owing to their 

large ionic radii via classical ceramic method [1]. Therefore, co-precipitation technique 

has been employed for the synthesis of RE3+ doped manganese-zinc spinel nanoferrites 

[1].  

In this chapter, the effect of RE3+ (La3+, Gd3+, Nd3+) doping on manganese-zinc 

ferrites synthesized via co-precipitation method has been studied for the structural and 

morphological properties. The general composition under investigation is of 

Mn0.5Zn0.5RexFe2-xO4, where the values of x varies from 0 to 0.1 at an interval of 0.025. 

4.2. Experimental details 
RE3+ (= La3+, Gd3+, Nd3+) doped manganese zinc ferrites have been processed 

utilizing co-precipitation approach. Preparation of samples has been described in 

paragraph 2.1.5. The sintered samples have been explored by X-ray diffraction, field 

emission scanning electron microscope, Fourier transform infrared spectra and energy 

dispersive spectroscopy (EDS) spectroscopy. The details of instrument type are given 

in chapter 2, section 2.2. 

4.3. Results & discussions 

4.3.1 X-ray Diffraction 
Figure 4.1.1, 4.2.1 & 4.3.1 shows the XRD spectra of Mn0.5Zn0.5RExFe2-xO4 

ferrites sintered at 1373 K for RE3+ = La3+, Gd3+ & Nd3+ respectively.  
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Figure 4.1.1:  XRD graphs of Mn0.5Zn0.5LaxFe2-xO4 ferrites. 

 

 

 

Figure 4.1.2:  Zoomed in image of most prominent peak in Mn0.5Zn0.5LaxFe2-xO4 

ferrites. 
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Figure 4.2.1: XRD graphs of Mn0.5Zn0.5GdxFe2-xO4 ferrites. 

 

 

 

Figure 4.2.2: Zoomed in image of most prominent peak in Mn0.5Zn0.5GdxFe2-xO4 

ferrites. 
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Figure 4.3.1: XRD spectra of Mn0.5Zn0.5NdxFe2-xO4 ferrites. 

 

 

 

Figure 4.3.2: Zoomed in image of most prominent peak in Mn0.5Zn0.5NdxFe2-xO4 

ferrites. 
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The values of x in the studied composition corresponding to different RE3+ ions are 0, 

0.025, 0.050, 0.075 and 0.1. After analyzing figure 4.1.1, it has been observed that for 

x ≤ 0.050, there is creation of pure spinel structure (as confirmed by JCPDS 74-2401). 

Spinel structure of La3+ doped manganese-zinc ferrites has been affirmed by the 

presence of planes at (111), (220), (311), (222), (400), (422), (511), (440) and (533). 

There is creation of LaFeO3 compound (JCPDS 75-0541) for higher content of La (x > 

0.050). This may be due to the effect of sintering above 1000 K for samples as reported 

by Nakayama [23]. Lesser solubility of La3+ ions in different ferrites has also been 

indicated by various other authors showing similar results [24-26].  

Figures 4.2.1 and 4.3.1 for the Gd3+ and Nd3+ doped Mn-Zn ferrites have also 

revealed the presence of spinel structure (as confirmed by JCPDS 74-2401) for all the 

investigated compositions. The establishment of spinel structure for the Gd3+ and Nd3+ 

doped ferrites have been supported from the presence of planes (111), (220), (311), 

(222), (400), (422), (511), (440) and (533). There is also a creation of GdFeO3 

compound (JCPDS 47-0067) and NdFeO3 compound (JCPDS 74-1473) for higher 

content of Gd & Nd (x > 0.050) (Figure 4.2.1 & 4.3.1). Crystallite size, packing factor, 

interplanar spacing and lattice constant are estimated using the most prominent peak at 

(311) for all the investigated compositions. Crystallite size of the La3+, Gd3+ and Nd3+ 

doped manganese-zinc ferrites has been estimated employing Scherrer’s formula; 

 cos/9.0D , where D represents the crystallite size, λ = 0.154056 nm is X-ray 

wavelength, β represents the full width at half maximum value and θ represents Bragg’s 

angle. Other structural parameters like lattice constant (a), interplanar spacing (d) and 

packing factor (P) are computed by employing relations [27]; 
2/1222 )( lkhda  , 

 nd sin2  and dDP /   respectively. 

From the computed structural parameters given in table 4.1, it has been found 

that up to a minor content of La (i.e. x less than and equal to 0.050) the crystallite size 

and the packing factor decreases on the other hand above this amount (i.e. x greater than 

0.050) the crystallite size and the packing factor increases. At x = 0.050, the values of 

a as well as d are minimum. Transposition of ferric ions with lanthanum ions on the 

lattice sites is the main reason for the change in various parameters values. The 

substantial ionic radii of La3+ ions (1.06 Å) play a major role in the variation of 

structural parameters values. The large La3+ ions (1.06 Å) find it difficult to substitute 

Fe3+ ions (0.67 Å).  
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Therefore, a small number of La3+ ions may occupy themselves on the grain boundaries. 

The smaller solubility with increment in La3+ content (x > 0.050) contributes to an 

increment in LaFeO3 phase intensity (figure 4.1.1). Further, similar ionic radii and 

identical valency are the two main factors required for the substitution of two ions. 

Since the bond energy of La3+–O2- bond is larger than the bond energy of Fe3+–O2- 

bond, so a large amount of energy is necessitated to replace La3+ ions for Fe3+ ions. It 

may be the reason for the presence of LaFeO3 compound for x > 0.050. A few La3+ ions 

might be occupying the grain boundaries during the transposition of La3+ ions in place 

of Fe3+ ions. The smaller crystallite size may be due to the pressure created by bulkier 

La3+ ions (big ionic radii) upon the grain boundaries [28, 29].  

The effect of Gd3+ and Nd3+ ions doping on Mn-Zn ferrites for various structural 

parameters has also been analyzed using the XRD spectra. The calculated values of 

various structural parameters have been given in table 4.1 for Gd3+ and Nd3+ ions 

doping respectively. It is witnessed that generally there is a decrease in the structural 

parameters (D, a, d and P) with increase in Gd3+ and Nd3+ doping in manganese-zinc 

ferrites. The reason for the reduction in the measure of D a, d and P is on account of 

the variation in the ionic radii of different RE3+ ions and ferric ions. As, it happens hard 

to substitute ferric ion (ionic radius = 0.67 Å) with bulkier Gd3+ ion (ionic radius = 0.94 

Å) in Mn0.5Zn0.5GdxFe2-xO4 ferrites. This leads to a smaller solubility with increment in 

Gd3+ concentration (x > 0.050) and creates GdFeO3 phase whose intensity also show 

an increase with increment in Gd3+ concentration (x > 0.050) (figure 4.2.1). Similarly, 

it is also hard to substitute Fe3+ ion (ionic radius = 0.67 Å) with bigger Nd3+ ion (ionic 

radius = 0.983 Å) in Mn0.5Zn0.5NdxFe2-xO4 ferrites. This leads to a smaller solubility 

with increment in Nd3+ concentration (x > 0.050) and creates NdFeO3 phase whose 

intensity also show an increase with increment in Nd3+ concentration (x > 0.050) (figure 

4.3.1). Hence, on substitution of Gd3+ ions in Mn0.5Zn0.5GdxFe2-xO4 ferrites and Nd3+ 

ions in Mn0.5Zn0.5NdxFe2-xO4 ferrites for ferric ions on the respective lattice sites, a 

portion of the Gd3+ and Nd3+ may possess the grain boundaries (in the form of GdFeO3 

and NdFeO3) and thereby producing more compression on the grain boundaries leading 

to a decrease in crystallite size of Gd3+ and Nd3+ ions doped manganese - zinc spinel 

ferrites in comparison to manganese-zinc ferrites [30].  

Figures 4.1.2, 4.2.2 & 4.3.2 show the zoomed in images of most prominent peak 

(311) for RE3+ = La3+, Gd3+ & Nd3+ doped Mn-Zn ferrites respectively. All investigated 

RE3+ doped samples have shown some shift either towards higher or towards lower 
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value of Bragg’s angle (θ) as compared to undoped (x=0) sample. According to Bragg’s 

equation (2𝑑 𝑠𝑖𝑛𝜃 = 𝑛𝜆), Bragg’s angle (θ) is reciprocally proportional to interplanar 

spacing (d) and further is correlated to the lattice constant (a). So the change in 

prominent peak position is fully responsible for variation in the values of interplanar 

spacing and lattice constant.   

 

4.3.2 FE-SEM and EDS 
The morphology of Mn0.5Zn0.5RExFe2-xO4 (where, RE = La, Gd, Nd) nano 

ferrites have been investigated by using FE-SEM microscopy. Figure 4.4.1 & 4.4.2, 

figure 4.5.1 & 4.5.2 and figure 4.6.1 & 4.6.2 show the FE-SEM micrographs of La3+ 

ions, Gd3+ ions and Nd3+ ions doped manganese-zinc nano ferrites respectively. A non-

uniform grain size as seen in FE-SEM micrographs is witnessed for all prepared 

samples. Nearness of agglomeration is seen on La3+, Gd3+ and Nd3+ ions doping to Mn-

Zn ferrite samples. Distinct crystalline structures have also been witnessed for all 

samples.  
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Figure 4.4.1: FE-SEM images for “(a) x = 0; (b) x = 0.025; (c) x = 0.050”; of 

Mn0.5Zn0.5LaxFe2-xO4 spinel ferrites. 
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Figure 4.4.2: FE-SEM images for “(d) x = 0.075; (e) x = 0.1” of Mn0.5Zn0.5LaxFe2-xO4 

spinel ferrites. 
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Figure 4.5.1: FE-SEM images for “(a) x = 0; (b) x = 0.025; (c) x = 0.050”; of 

Mn0.5Zn0.5GdxFe2-xO4 spinel ferrites. 
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Figure 4.5.2: FE-SEM images for “(d) x = 0.075; (e) x = 0.1” of Mn0.5Zn0.5GdxFe2-xO4 

spinel ferrites. 
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Figure 4.6.1: FE-SEM images for “(a) x = 0; (b) x = 0.025; (c) x = 0.050”; of 

Mn0.5Zn0.5NdxFe2-xO4 spinel ferrites. 
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Figure 4.6.2: FE-SEM images for “(d) x = 0.075; (e) x = 0.1” of Mn0.5Zn0.5NdxFe2-xO4 

spinel ferrites. 

 

To analyze the synthesized Mn0.5Zn0.5RExFe2-xO4 ferrite samples for the 

stoichiometry in composition, EDS has been used. Figure 4.7.1 & 4.7.2, figure 4.8.1 & 

4.8.2 and figure 4.9.1 & 4.9.2 show the EDS spectra of La3+, Gd3+ and Nd3+ ions doped 

manganese-zinc nano ferrites respectively.  
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Figure 4.7.1: EDS spectra for (a) x = 0; (b) x = 0.025; (c) x = 0.050 of  

Mn0.5Zn0.5LaxFe2-xO4 ferrites. 
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Figure 4.7.2: EDS spectra for “(d) x = 0.075; (e) x = 0.1” of Mn0.5Zn0.5LaxFe2-xO4 

ferrites, (f) atomic% of Mn0.5Zn0.5La0.025Fe1.975O4 ferrite as reference. 
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Figure 4.8.1: EDS spectra for “(a) x = 0; (b) x = 0.025; (c) x = 0.050”; of 

Mn0.5Zn0.5GdxFe2-xO4 ferrites 
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Figure 4.8.2: EDS spectra for “(d) x = 0.075; (e) x = 0.1” of Mn0.5Zn0.5GdxFe2-xO4 

ferrites, (a) atomic% of Mn0.5Zn0.5Gd0.025Fe1.975O4 ferrite as reference. 
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Figure 4.9.1: EDS spectra for “(a) x = 0; (b) x = 0.025; (c) x = 0.050”; of  

Mn0.5Zn0.5NdxFe2-xO4 ferrites. 
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Figure 4.9.2: EDS spectra for “(d) x = 0.075; (e) x = 0.1” of Mn0.5Zn0.5NdxFe2-xO4 

ferrites, (a) atomic% of Mn0.5Zn0.5Nd0.025Fe1.975O4 ferrite as reference. 
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The results show that all the constituent elements are present in the synthesized 

compositions. Atomic% of Mn0.5Zn0.5RE0.025Fe1.975O4 ferrite samples (where RE = La, 

Gd and Nd) has been shown in figures 4.7.2, 4.8.2 & 4.9.2 as reference. 

4.3.3 FTIR Spectra 
The development of spinel ferrite structure has also been verified by using the 

Fourier transform infrared spectroscopy (FTIR). Figure 4.10, figure 4.11 and figure 

4.12 shows FTIR spectra of La3+, Gd3+and Nd3+ ions doped manganese-zinc nano 

ferrites respectively. In figure 4.10, two absorption bands, υ1 from 430 cm-1 to 490 cm-

1 and υ2 from 530 cm-1 to 590 cm-1 have been observed for La3+ ions doped manganese-

zinc nano ferrites. In figure 4.11, two absorption bands, υ1 from 460 cm-1 to 495 cm-1 

and υ2 from 565 cm-1 to 590 cm-1 have been observed for Gd3+ ions doped manganese-

zinc nano ferrites. In figure 4.12, two absorption bands, υ1 from 465 cm-1 to 495 cm-1 

and υ2 from 570 cm-1 to 590 cm-1 have been observed for Nd3+ ions doped manganese-

zinc nano ferrites. The substitution of RE3+ ions for Fe3+ ions can be clearly seen with 

a change in the place of absorption bands (υ1, υ2) on La3+, Gd3+and Nd3+ ions doping. 

Further, the absorption band υ1 depicts the presence of cation - oxygen bonds in the 

octahedral (i.e. B site) site. Moreover, υ2 records the presence of metal ion – oxygen ion 

bonds in the tetrahedral (i.e. A site) site.  

Practically equivalent to these results have prior been accounted for spinel 

ferrites [31-35]. Szczygieł et al. have reported the FTIR spectra of Mn-Zn ferrites 

prepared by sol–gel auto-combustion synthesis technique [32]. They have observed the 

absorption bands at frequencies near to 540 cm-1 indicating the origination of metal ions 

- oxygen ions bonds in tetrahedral and octahedral location. Baykal et al. have analyzed 

the FTIR spectra of Mn-Zn ferrites prepared by thermal decomposition [33]. They have 

found some cation-oxygen absorption bands approximately at 550 cm-1. Kotsikau et al. 

have studied the FTIR spectra of Mn-Zn ferrites prepared by spray pyrolysis technique 

[34]. They have reported absorption bands at frequencies (420, 430 & 430) cm-1 and 

(551, 571 & 559) cm-1 showing the appearance of metal ions - oxygen bonds at 

octahedral and tetrahedral locations respectively. Kumar et al. [35] published the FTIR 

spectra of Gd3+ doped Mn-Zn ferrite prepared by co-precipitation technique [35].  
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Figure 4.10: FTIR spectra of Mn0.5Zn0.5LaxFe2-xO4 nano ferrites. The y-axis scale has 

been shifted for clarity. 

 

 

Figure 4.11: FTIR spectra of Mn0.5Zn0.5GdxFe2-xO4 nano ferrites. The y-axis scale has 

been shifted for clarity. 
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Figure 4.12: FTIR spectra of Mn0.5Zn0.5NdxFe2-xO4 nano ferrites. The y-axis scale has 

been shifted for clarity. 

 

They have noticed that for all the samples, absorption bands at frequencies 570 cm-1 

and 416 cm-1 shows the appearance of iron - oxygen bonds at tetrahedral sites and 

gadolinium - oxygen bonds at octahedral sites.  Hence in the present work, the 

origination of spinel ferrite arrangement is confirmed with the presence of two 

absorption υ1 and υ2 bands. 

4.4. Conclusion 
Cubic spinel phase has been observed for Mn0.5Zn0.5RExFe2-xO4 (where x = 0, 

0.025, 0.050, 0.075 & 0.1) nanoferrites synthesized through co-precipitation synthesis 

technique. For the three dopants used in Mn-Zn ferrites, the values of structural 

parameters (D, a, d and P) have been observed to decrease generally. Occurrence of 

spinel structure in all the investigated samples has been confirmed from FTIR 

spectroscopy. A clear change in the place of absorption bands with RE (= La, Gd & Nd) 

doping has also been observed. FESEM micrographs of Mn0.5Zn0.5RExFe2-xO4 (where 

RE=La, Gd, Nd) ferrites show sharp crystalline structures. EDS spectroscopy confirms 

the presence of constituents i.e. Mn, Zn, RE (= La, Gd & Nd), Fe, O in all the 

investigated samples. 
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Spinel ferrites have immense potential in the field of memory storage, magnetic 

recording, biomedical applications etc. Magnetic characteristics are vital to find out the 

application domain of these spinel ferrites. In this chapter, magnetic characteristics of 

lanthanides (RE3+ = La3+, Gd3+ & Nd3+) doped Mn-Zn spinel ferrites have been 

described. Cation distribution for the above mentioned spinel ferrites has also been 

proposed and is utilized to explain the magnetic characteristics.  

5.1. Introduction 
The distribution of cations at A-site and B-site in spinel ferrites is responsible 

for several physical properties especially magnetic properties [1]. There is a migration 

of some divalent metal ions from octahedral (B) location to the tetrahedral (A) location 

with the substitution of the lanthanide ions in spinel ferrite. This movement of metal 

ions from octahedral (B) site to the tetrahedral (A) site in spinel ferrites also depend on 

the size of the cationic radii [2]. Superparamagnetic (SPM) nanoparticles have 

superparamagnetic characteristic and ability to tack themselves in a reasonable 

magnetic field owing to their unique characteristics such as a large magnetic 

susceptibility in a small dimension. This is the main reason to get scientific attention 

for various important biomedicine applications like drug delivery, cell manipulation and 

tissue repair etc.[3, 4].  

Several researchers have described the result of lanthanides transposition on the 

magnetic characteristics of spinel ferrites [1,2,5-8]. Samoila et al. [1] have reported Gd 

doped Ni–Mn–Cr ferrites synthesized via auto-combustion approach for structural and 

magnetic characteristics. The average crystallite size (27.4 nm to 5.4 nm), coercivity, 

magnetization (22.3 emu/g to 8.3 emu/g) and Curie temperature (432 °C to 406 °C) was 

reported to decrease on enhancing the Gd concentration in Ni–Mn–Cr ferrites. Yadav et 

al. [2] have investigated Gd doped cobalt ferrite for their structural and magnetic 

properties. They have observed GdFeO3 phase for higher Gd content. The crystallite 

size (4.11 nm to 6.57 nm), coercivity (51.75 Oe to 92.86 Oe) and saturation 

magnetization (14.59 emu/g to 16.11 emu/g) have been described to enhance with the 

increment in Gd concentration. The structural as well as magnetic characteristics of 

La3+ ions doped magnesium ferrites have been researched by Gaba et al. [5]. The 

crystallite size has been first reported to decrease (14 nm to 12 nm) with La doping for 

lower concentration and then increase (12 nm to 14 nm) for higher concentration. 
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Indication of superparamagnetic behaviour with La doping has been given by magnetic 

study. The magnetic and structural characteristics of neodymium doped Mn-Zn ferrite 

have been studied [6]. A decrement in particle size with Nd3+ doping has been detected. 

At lower concentration of Nd3+ ions, value of saturation magnetization as well as 

magnetic moment found to be decrease and after that increase for higher concentration. 

The magnetic nature of all the samples has been reported to be superparamagnetic. The 

magnetic and structural characteristics of gadolinium doped cobalt ferrite have been 

reported [7]. The coercivity (575 Oe to 50 Oe), magnetization (87.56 emu/g to 52.03 

emu/g) and average crystallite size (13.9 nm to 8.5 nm) have been reported to decrease 

with the increment of gadolinium proportion in cobalt ferrite. The role of cerium and 

gadolinium doping on the magnetic and structural characteristics of Ni ferrite have been 

recorded by Dixit et al. [8]. The average crystallite size, coercivity and magnetization 

are described to decrease with doping of cerium and gadolinium in Ni ferrite.  

In this work, a cation distribution is presented for lanthanide (La3+, Gd3+ & Nd3+) 

doped manganese-zinc spinel ferrites. The magnetic study has also been performed 

using vibrating sample magnetometer.  

5.2. Experimental details 
RE3+ (La3+, Gd3+, Nd3+) doped manganese zinc ferrites are synthesized 

employing co-precipitation route. Preparation of samples has been described in section 

2.1.5. The sintered samples are investigated with VSM (PAR-155) in −10 kOe to +10 

kOe magnetic field at room temperature. Some important theoretical parameters have 

also been calculated for all prepared samples of Mn0.5Zn0.5 RExFe2-xO4,
 where x = 0, 

0.025, 0.050, 0.075 and 0.1) nano ferrites using cation distribution.  

5.3. Results & Discussion 

5.3.1 Cation distribution for La3+, Gd3+ & Nd3+ doped Mn-Zn 

spinel ferrites 
A cation distribution is presented for Mn0.5Zn0.5RExFe2-xO4 spinel ferrites, where 

RE = La, Gd & Nd. Spinel ferrites comprises of two sites; one is tetrahedral (A site) 

having 8 sites and second is octahedral (B site) having 16 sites. The A and B sites are 

engaged by the bivalent and trivalent cations [9].  
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“Cation distribution and magnetic study of La3+, Gd3+ & Nd3+ doped Mn-Zn nano 
ferrites” 

A-locations are engaged by zinc ions and B-locations are engaged by Mn2+ ions. The 

Fe3+ ions goes to both A and B-sites. The lanthanide (RE3+ = La3+, Gd3+, Nd3+) ions 

have large ionic radii, hence they occupy the octahedral sites. Table 5.1 shows the 

proposed cation distribution for the lanthanide (La3+, Gd3+, Nd3+) doped Mn-Zn ferrites. 

For A-sites and B-sites, the average cation radius rA and rB have been computed 

using the following equations [10]; 

𝑟𝐴 =  (𝐶𝑀𝑛2+
𝐴 )(𝑟𝑀𝑛2+) + (𝐶𝑍𝑛2+

𝐴 )(𝑟𝑍𝑛2+) + (𝐶𝐹𝑒3+
𝐴 )(𝑟𝐹𝑒3+) + (𝐶𝑅𝐸3+

𝐴 )(𝑟𝑅𝐸3+)        (1) 

𝑟𝐵 =  
1

2
[(𝐶𝑀𝑛2+

𝐵 )(𝑟𝑀𝑛2+) + (𝐶𝑍𝑛2+
𝐵 )(𝑟𝑍𝑛2+) + (𝐶𝐹𝑒3+

𝐵 )(𝑟𝐹𝑒3+) + (𝐶𝑅𝐸3+
𝐵 )(𝑟𝑅𝐸3+) ]  (2) 

where, 𝐶𝑀𝑛2+
𝐴 , 𝐶𝑍𝑛2+

𝐴 , 𝐶𝐹𝑒3+
𝐴 , 𝐶𝑅𝐸3+ 

𝐴  are the ionic proportion of Mn2+ions, Zn2+ 

ions, Fe3+ ions & RE3+ ( = La3+, Gd3+, Nd3+) ions respectively at A-sites and 

𝐶𝑀𝑛2+
𝐵 , 𝐶𝑍𝑛2+

𝐵 , 𝐶𝐹𝑒3+
𝐵 , 𝐶𝑅𝐸3+

𝐵  are the  ionic proportion of Mn2+ions, Zn2+ ions, Fe3+ ions 

& RE3+ ( = La3+, Gd3+, Nd3+) ions respectively at B-sites, the ionic radii of Mn2+ions, 

Zn2+ ions, Fe3+ ions & RE3+ ( = La3+, Gd3+, Nd3+) ions have been termed as 𝑟𝑀𝑛2+, 

𝑟𝑍𝑛2+, 𝑟𝐹𝑒3+ and 𝑟𝑅𝐸3+ respectively. The computed values rA and rB are given in tables 

5.2, 5.3 & 5.4. Enlargement of octahedral positions on doping with large ionic radii 

RE3+ ions has been observed with the increased value of rB  for all the three dopants 

(figure 5.1, figure 5.2 & figure 5.3). 

 

Figure 5.1: Plot of rA & rB with La content (x). 
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Figure 5.2: Plot of rA & rB with Gd content (x). 

 

 

Figure 5.3: Plot of rA & rB with Nd content (x). 
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The values of lattice parameter (ath) has been calculated theoretically by using 

the average cation radius values corresponding to A-sites and B-sites [11]; 

                                               𝑎𝑡ℎ =
8

3√3
[(𝑟𝐴 + 𝑅𝑜) + √3(𝑟𝐵 + 𝑅𝑜)]                                 (3) 

where Ro represents oxygen ion radius (1.32Å). Table 5.2, 5.3 & 5.4 shows the 

computed values of ath. It has been observed that there is an increment in the ath values 

on doping of RE3+ ions in manganese-zinc ferrites. Since the difference between ionic 

radii of RE3+ ion and Fe3+ (ferric) ion is large, so to substitute ferric ions with RE3+ ions 

in the lattice positions is not easy. This may lead to a bit of the RE3+ ions stay on the 

grain boundaries with transposition of the Fe3+ ions by RE3+ ions. Due to this reason 

there is difference pertaining to measures of theoretical lattice parameter and 

experimental lattice parameter.  

In ferrites, the oxygen positional parameter (U) is quantifiable proportion of 

uprooting of O2- ions encompassing A-sites are little to engage metal ions. In majority 

of the ferrite spinels, the O2- ions are evidently bigger in comparison to their 

corresponding metal ions. The inversion parameter (δ) is the deviation of structural 

factors from the original one on doping. The basic factors that decide the inversion 

parameter of a specific spinel are the ionic and/or covalent character, the particle size, 

and above all the crystal field stabilisation. The values of U and δ have been computed 

by employing the equations [11]; 
4/1)()3/1(  oAth RraU

 and idealUU 
, where 

Uideal (= 0.375) is the oxygen positional parameter’s ideal value for spinel ferrites. Since 

the physical magnitude of tetrahedral location is comparatively littler than the 

octahedral location and the oxygen anions have to make connection with the cations 

occupying A-sites and B-sites. Due to little size of A- site the metal ions can’t engage 

it easily. So the movement of oxygen ions is there to make some adjustments. These 

adjustments of oxygen ions are described as oxygen positional parameter will lead to 

some expansion and/or shrinkage between tetrahedral and octahedral sites. Figure 5.4, 

5.5 & 5.6 show the change in ath and U with varying the dopant i.e. RE3+ ions (La3+, 

Gd3+, Nd3+) concentration respectively. It has been observed that the values of U and δ 

decrements with the increment of RE3+ ions concentration (Table 5.2, 5.3 & 5.4). 
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Figure 5.4: Variation of ath and U with La content (x) in manganese – zinc ferrites. 

 

 

Figure 5.5: Variation of ath and U with Gd content (x) in manganese – zinc ferrites. 
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Figure 5.6: Variation of ath and U with Nd content (x) in manganese – zinc ferrites. 

 

Bond length amongst cation - anion on the A site is illustrated by RA and bond 

length amongst cation - anion on the B site is illustrated by RB. The values of these bond 

lengths have been computed by employing the relations [11]; )8/1(3  aRA  and 

235.00625.0   aRB
, here a represents the observational measure of lattice 

parameter. Tables 5.2, 5.3 & 5.4 contain the quantities of RA & RB corresponding to 

RE3+ ions concentration. It is remarked that the change in the values of RA as well as RB 

with RE3+ ions doping is in conformity with data-based lattice parameter (figure 5.7, 

5.8 & 5.9). 

Magnetic interactions among the ions at tetrahedral (A) and octahedral (B) 

destinations in other words (A-B) interactions, or magnetic interactions among the ions 

at individual sites, in other words (A-A) interactions and (B-B) interactions have been 

influenced through the variation in bond distances amongst the cation-cation & cation-

anion [12]. The tetrahedral edge length (𝑅𝑥), shared octahedral length (𝑅𝑥′) and 

unshared octahedral edge length (𝑅𝑥′′) are computed by employing the relations [10]: 

𝑅𝑥 = 𝑎√2(2𝑈 − 0.5), 𝑅𝑥′ = 𝑎√2(1 − 2𝑈) )21(2' uaRx   and 𝑅𝑥′′ = 𝑎(4𝑈2 −

3𝑈 + 11/16)0.5.  
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Figure 5.7: Graph of RA and RB with La content in Mn-Zn ferrites. 

 

 

Figure 5.8: Graph of RA and RB with Gd content in Mn-Zn ferrites. 
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Figure 5.9: Graph of RA and RB with Nd content in Mn-Zn ferrites. 

 

 

 

Figure 5.10: Interionic lengths and the angles amongst the ions in spinel ferrites. 
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ferrites” 

The computed values of xR , 'xR  and ''xR  are given in table 5.2, 5.3 and 5.4 for 

RE3+ = La3+, Gd3+, Nd3+ ions doping. It has been observed that the variation in the 

values of xR , 'xR  and ''xR  depend on the RE3+ ( = La3+, Gd3+, Nd3+) ions concentration 

in Mn-Zn ferrites and the experimentally obtained lattice parameter values. Magnetic 

interactions play a more efficient function at some distances as well as angles between 

the ions. In general, for spinel ferrites these bond angles and interionic distances which 

affect the magnetic characteristics are shown in figure 5.10 [11, 12]. 

The interionic distances between the ions that is to say cation-anion lengths (p, 

q, r & s) and cation-cation lengths (b, c, d, e &  f) are computed by utilizing the equations 

[10]; 

                                                           𝑝 = 𝑎 (
5

8
− 𝑈)                                                                    (4) 

                                                         𝑞 = 𝑎 (𝑈 −
1

4
) √3                                                                (5) 

                                                        𝑟 = 𝑎 (𝑈 −
1

4
) √11                                                              (6) 

                                                       𝑠 = 𝑎 (
1

3
𝑈 +

1

8
) √3                                                                (7) 

                                                             𝑏 =  (
𝑎

4
) √2                                                                      (8) 

                                                            𝑐 =  (
𝑎

8
) √11                                                                     (9) 

                                                            𝑑 =  (
𝑎

4
) √3                                                                     (10) 

                                                            𝑒 =  (
3𝑎

8
) √3                                                                   (11) 

                                                            𝑓 =  (
𝑎

4
) √6                                                                     (12) 

The computed values of interionic distances are tabulated in table 5.5, 5.6 & 5.7 for 

RE3+ = La3+, Gd3+& Nd3+ ions doping in Mn-Zn ferrites respectively. The trend of 

lattice parameter on RE3+ doping into Mn-Zn ferrite has been followed by the values of 

interionic distances. The bond angles θ1, θ2, θ3, θ4  & θ5 have been computed by means 

of these interionic distances [10, 12]: 

                                                      𝜃1 =  𝑐𝑜𝑠−1 [
𝑝2+𝑞2−𝑐2

2𝑝𝑞
]                                                      (13) 

                                                     𝜃2 =  𝑐𝑜𝑠−1 [
𝑝2+𝑟2−𝑒2

2𝑝𝑟
]                                                       (14) 

                                                     𝜃3 =  𝑐𝑜𝑠−1 [
2𝑝2−𝑏2

2𝑝2 ]                                                           (15) 

                                                     𝜃4 =  𝑐𝑜𝑠−1 [
𝑝2+𝑠2−𝑓2

2𝑝𝑠
]                                                       (16) 
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                                                     𝜃5 =  𝑐𝑜𝑠−1 [
𝑟2+𝑞2−𝑑2

2𝑟𝑞
]                                                       (17) 

The computed values of bond angles θ1, θ2, θ3, θ4  & θ5 are tabulated in table 5.8, 5.9 & 

5.10 for RE3+ = La3+, Gd3+& Nd3+ ions doping in Mn-Zn ferrites respectively. 
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Strong A-A and A-B interactions are observed as is indicated by the gain in the 

computed values of θ1, θ2 and θ5. Weak B-B interactions are observed as is showed by 

the fall in the computed values of θ3 and θ4. 

5.3.2 Magnetic study of La3+, Gd3+ & Nd3+ doped Mn-Zn spinel 

ferrites 
Magnetic study of RE3+ (= La3+, Gd3+ & Nd3+) doped Mn0.5Zn0.5RExFe2-xO4 

spinel ferrite has been performed in −10 kOe to +10 kOe magnetic range at room 

temperature. Figure 5.11.1 & 5.11.2, figure 5.12.1 & 5.12.2 and figure 5.13.1 & 5.13.2 

show the magnetic characterization plots for RE3+  = La3+, Gd3+and Nd3+ doped 

Mn0.5Zn0.5RExFe2-xO4 spinel nano ferrites respectively. All the samples under 

investigation show paramagnetic and superparamagnetic nature. 

 

 

 

 

 

Figure 5.11.1: (a) Magnetic hysteresis curve of Mn0.5Zn0.5Fe2O4 spinel nanoferrite; 

(a1) Zoomed Magnetic hysteresis curve of Mn0.5Zn0.5Fe2O4 spinel nanoferrite; (b) 

M-H curve of Mn0.5Zn0.5La0.025Fe1.975O4 spinel ferrite; (b1) Zoomed M-H curve of 

Mn0.5Zn0.5La0.025Fe1.975O4 spinel ferrite. 
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Figure 5.11.2: (c) M-H curve of Mn0.5Zn0.5La0.050Fe1.950O4 spinel ferrite; (c1) 

Zoomed M-H curve of Mn0.5Zn0.5La0.050Fe1.950O4 spinel ferrite; (d) M-H curve of 

Mn0.5Zn0.5La0.075Fe1.925O4 spinel ferrite; (d1) Zoomed M-H curve of 

Mn0.5Zn0.5La0.075Fe1.925O4 spinel ferrite; (e) M-H curve of Mn0.5Zn0.5La0.1Fe1.9O4 

spinel ferrite; (e1) Zoomed M-H curve of Mn0.5Zn0.5La0.1Fe1.9O4 spinel ferrite. 
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Figure 5.12.1: (a) Magnetic hysteresis curve of Mn0.5Zn0.5Fe2O4 spinel nanoferrite; 

(a1) Zoomed Magnetic hysteresis curve of Mn0.5Zn0.5Fe2O4 spinel nanoferrite; (b) 

M-H curve of Mn0.5Zn0.5Gd0.025Fe1.975O4 spinel ferrite; (b1) Zoomed M-H curve of 

Mn0.5Zn0.5Gd0.025Fe1.975O4 spinel ferrite; (c) M-H curve of 

Mn0.5Zn0.5Gd0.050Fe1.950O4 spinel ferrite; (c1) Zoomed M-H curve of 

Mn0.5Zn0.5Gd0.050Fe1.950O4 spinel ferrite. 
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Figure 5.12.2: (d) M-H curve of Mn0.5Zn0.5Gd0.075Fe1.925O4 spinel ferrite; (d1) 

Zoomed M-H curve of Mn0.5Zn0.5Gd0.075Fe1.925O4 spinel ferrite; (e) M-H curve of 

Mn0.5Zn0.5Gd0.1Fe1.9O4 spinel ferrite; (e1) Zoomed M-H curve of 

Mn0.5Zn0.5Gd0.1Fe1.9O4 spinel ferrite. 
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Figure 5.13.1: (a) Magnetic hysteresis curve of Mn0.5Zn0.5Fe2O4 spinel nanoferrite; 

(a1) Zoomed Magnetic hysteresis curve of Mn0.5Zn0.5Fe2O4 spinel nanoferrite; (b) 

M-H curve of Mn0.5Zn0.5Nd0.025Fe1.975O4 spinel ferrite; (b1) Zoomed M-H curve of 

Mn0.5Zn0.5Nd0.025Fe1.975O4 spinel ferrite; (c) M-H curve of 

Mn0.5Zn0.5Nd0.050Fe1.950O4 spinel ferrite; (c1) Zoomed M-H curve of 

Mn0.5Zn0.5Nd0.050Fe1.950O4 spinel ferrite. 
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Figure 5.13.2: (d) M-H curve of Mn0.5Zn0.5Nd0.075Fe1.925O4 spinel ferrite; (d1) 

Zoomed M-H curve of Mn0.5Zn0.5Nd0.075Fe1.925O4 spinel ferrite; (e) M-H curve of 

Mn0.5Zn0.5Nd0.1Fe1.9O4 spinel ferrite; (e1) Zoomed M-H curve of 

Mn0.5Zn0.5Nd0.1Fe1.9O4 spinel ferrite. 
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Magnetic moment (nB) has been computed by employing the equation [13]; 

5585/)( sB MMn  , here M and MS denote molecular weight of RE3+ (= La3+, Gd3+ 

& Nd3+) doped Mn0.5Zn0.5RExFe2-xO4 spinel nanoferrites and saturation magnetization 

of respective composition. The computed quantities of nB and MS are given in table 5.8, 

5.9 & 5.10 for RE3+ = La3+, Gd3+& Nd3+ ions doping in Mn-Zn ferrites respectively. 

Figure 5.14, figure 5.15 and figure 5.16 show the variation of   nB and MS with RE3+ 

content (x). Further, it has been revealed that in the lack of magnetic field all the 

investigated samples have shown zero retentivity (Mr) and zero coercivity (Hc). This 

shows that investigated samples have either superparamagnetic or paramagnetic 

behaviour.  

Super paramagnetic nature of Mn0.5Zn0.5RExFe2-xO4 nanoferrites is proposed by 

an undivided domain structure. It has been observed that there is transformation of 

paramagnetic nature to superparamagnetic nature with the addition of RE3+ to Mn-Zn 

nano ferrites {see figures (5.11.1 to 5.13.2)}. This may be correlated to the decrease of 

crystallite with the addition of RE3+ to Mn-Zn nano ferrites (table 4.1).  

 

 

Figure 5.14: A plot of magnetic parameters MS and nB with La content (x). 
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Figure 5.15: A plot of magnetic parameters MS and nB with Gd content (x). 

 

 

Figure 5.16: A plot of magnetic parameters MS and nB with Nd content (x). 
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The decrease in size may be correlated to the transformation from multi-domain 

structure to single domain structure with the addition of RE3+ to Mn-Zn nano ferrites. 

Further from the proposed cation distribution, at the tetrahedral locations zinc ions and 

ferric ions feature A-A exchange interactions whereas in octahedral locations 

manganese ions, ferric ions and RE3+ (= La3+, Gd3+& Nd3+) ions feature B-B 

interactions. At tetrahedral locations and octahedral locations, both bivalent (Zn2+& 

Mn2+) and trivalent (Fe3+& RE3+) metal ions bear A-B super exchange interactions. A-

B super exchange interactions are practically superior to A-A and B-B interactions at 

respective sites [14]. There may be an improvement of A-B super exchange interactions 

with the addition of RE3+ concentration (x) in Mn0.5Zn0.5RExFe2-xO4 spinel nanoferrites. 

This improvement in A-B interaction suggests an increase in the measures of saturation 

magnetization and magnetic moment. In present work, the values of magnetic 

parameters (MS and nB) have an increasing trend with the addition of RE3+ in 

Mn0.5Zn0.5RExFe2-xO4 spinel ferrites. This increase in magnetic parameters can be 

correlated with the bond angles (Table 5.8, 5.9 & 5.10). There is an increment in the 

values of θ1, θ2, θ5 suggesting firm A-A and A-B interactions whereas a decrement in 

the quantities of θ3 & θ4 indicates feeble B-B interactions. Finite solubility of large RE3+ 

(La3+, Gd3+ & Nd3+) ions in B- locations might be causative for the change in magnetic 

behavior of Mn0.5Zn0.5RExFe2-xO4 nano ferrites (figure 5.14, 5.15 & 5.16). For La3+ (x 

= 0.050), Gd3+ (x = 0.025) and Nd3+ (x = 0.1) there may be maximum tendency of RE3+ 

(= La3+, Gd3+ & Nd3+) ions to substitute ferric ions in octahedral sites. This may be the 

reason that there is maximum value of MS and nB at these lanthanide concentrations. For 

other lanthanide x-values, few of the RE3+ ions might have resided on the grain 

boundaries leading to a weak magnetic behaviour. Moreover, the magnetic parameters 

of spinel ferrites depends upon various components, for example synthesis technique, 

sintering temperature, crystallite size, grain size and redistribution of cations amongst 

A and B locations [1,15]  

Kumar et al. observed the influence of gadolinium (Gd3+) doping on the 

magnetic characteristics of Mg–Mn nanoferrite devised by self-ignited solution 

combustion technique [12]. Superparamagnetic nature has been observed for all 

prepared samples. The consequence of heat treatment upon magnetic characteristics of 

Mn-Zn ferrite prepared through nitrate–citrate auto-combustion technique has been 

reported by Hu et al. [16]. Sample annealed at 600 °C in air have pointed very low value 

of MS (1.552 emu g-1)), coercivity (29 Oe) and remanence (0.03489 emu g-1) showing 
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behaviour almost near to paramagnetism and superparamagnetism. Chaudhuri et al. 

[17] reported the outcome of lanthanum doping on magnetic characteristics of bismuth 

ferrite prepared by hydrothermal technique [17]. Using room temperature VSM 

characterization, for lower content of La (x=0, 0.05) paramagnetic behaviour has been 

observed. Again for undoped sample at 560 °C paramagnetic behaviour has been 

observed using high temperature VSM characterization. Moussaoui et al. have observed 

the effect of transition metal (Co, Ni, Mn) doping on magnetic characteristics of 

neodymium spinel ferrites [18]. Superparamagnetic behaviour is remarked for both 

nickel (Ni) and manganese (Mn) doped neodymium (Nd) spinel ferrites and 

ferrimagnetic for cobalt (Co) doped neodymium spinel ferrites. Naik et al. described 

the result of neodymium (Nd3+) substitution the magnetic characteristics of Mn-Zn 

nanoferrites [6]. Superparamagnetic behaviour has been reported for prepared samples. 

Saturation magnetization and magnetic moment found to be decrease with Nd3+ doping 

upto x=0.04 and then increased upto x=0.1. Our results for spinel ferrites are in 

agreeable conformity with the results described in literature by several researchers 

[6,12,16-18]. 

Superparamagnetic nanoparticles (SPNs) have several applications in 

biomedicine like drug delivery, gene delivery, MRI Contrast Enhancement, 

hyperthermia, radionuclide delivery etc. [19-21]. SPNs have also shown their 

competence in magnetic recording [22, 23].  

5.4. Conclusion 
From the proposed cation distribution, at the A-sites zinc ions and ferric ions 

cause A-A exchange interactions whereas in B-sites manganese ions, ferric ions and 

RE3+ (= La3+, Gd3+& Nd3+) ions experience B-B interactions. At the A- and B-sites both 

bivalent (Zn2+& Mn2+) and trivalent (Fe3+& RE3+) metal ions experience A-B super 

exchange interactions. This has been further confirmed by the bond angles between the 

metal ions. There is an increase in the values of θ1, θ2, θ5 suggesting firm A-A and A-B 

interactions whereas decrement in the quantities of θ3 & θ4 indicates feeble B-B 

interactions. Magnetic characterizations show superparamagnetic and paramagnetic 

behaviour of RE3+ (= La3+, Gd3+, Nd3+) doped Mn-Zn spinel ferrite. For samples under 

investigation, the absence of retentivity and coercivity have been noticed at no magnetic 

field. Increase in magnetic parameters (MS and nB) with RE3+ doping is correlated with 
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the bond angles. For La3+ (x = 0.050), Gd3+ (x = 0.025) and Nd3+ (x = 0.1) compositions, 

a maximum value of magnetic parameters have been observed.  
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Spinel ferrites have shown their competence in various technological 

applications like high-frequency devices, catalysis, microwave devices etc. These 

materials have also shown their usefulness in biomedical applications particularly for 

hyperthermia and drug delivery. Spinel ferrites exists in AB2O4 form with A as bivalent 

metal ions (e.g. Mn2+, Co2+, Zn2+, Mg2+, Ni2+ etc.) and B as trivalent metal ions {e.g. 

rare earth metals (La3+, Gd3+ etc.), In3+, Al3+ etc.}. The places occupied by A ions are 

known as tetrahedral sites and the places occupied by B ions are known as octahedral 

sites. The distribution of ions in these sites is accountable for the different conceptions 

of spinel ferrites. The structural and magnetic behaviour of spinel ferrites are being 

decided by their chemical configuration, synthesis technique, sintering temperature, 

type of dopant and particle size. Among various soft ferrites, manganese-zinc spinel 

ferrites have shown their importance due to their application in high frequency devices 

and property of high initial magnetic permeability. Different synthesis techniques viz.  

sol−gel, sol−gel autocombustion, hydrothermal, co-precipitation etc. have been 

employed by various researchers to prepare manganese-zinc spinel ferrites. Evolution 

of microstructure and homogeneous compositions on mixing the precursors at 

molecular stage are the primary advantages of these synthesis techniques. In this work, 

lanthanide (RE3+ = La3+, Gd3+ and Nd3+) doped manganese-zinc ferrites has been 

studied. The samples of ferrites has been synthesized using co-precipitation technique. 

First, the sintering temperature has been optimized for the manganese-zinc ferrites. 

Second, the addition of lanthanides (La3+, Gd3+ & Nd3+) to manganese-zinc cubic spinel 

ferrites synthesized using co-precipitation technique have been studied for the 

structural, morphological and magnetic properties. Various characterization techniques 

viz. XRD, FTIR, EDS, FE-SEM and VSM have been employed to study the above 

mentioned properties. To understand the magnetic behaviour of lanthanide (RE3+ = 

La3+, Gd3+ and Nd3+) doped manganese-zinc ferrites a theoretical cation distribution 

has also been suggested. 

 The co-precipitation synthesis technique has been used for the preparation of 

Mn0.5Zn0.5Fe2O4 nanoferrite. The synthesized ferrite has been subjected to sintering 

sample at three temperatures that is to say 973 K, 1173 K and 1373 K. From the 

structural analysis using XRD at three sintering temperatures, a single phase cubical 

spinel is remarked at 1373 K whereas a secondary phase Fe2O3 is observed at lower 

sintering temperatures.  The average crystallite size is noticed to increase (11.38 nm to 

67.42 nm) with the increasing sintering temperature (973 K to 1373 K). The presence 
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of two absorption bands that is to say at 421 cm-1 to 491 cm-1 and 516 cm-1 to 592 cm-1 

in FTIR spectra has supported the formation of spinel ferrite. FE-SEM images have 

shown the development of homogeneous crystalline nanoparticles with increment in 

sintering temperature. For RE3+ doped Mn-Zn ferrites, we have taken the sintering 

temperature as 1373 K for further investigation after considering the optimized 

sintering results. 

Structural investigations show a cubic spinel phase for Mn0.5Zn0.5RExFe2-xO4, 

where x = 0, 0.025, 0.050, 0.075 and 0.1 for nanoferrites synthesized through co-

precipitation synthesis technique, where RE = La, Gd & Nd. For the three dopants used 

in Mn-Zn ferrites, the structural parameters (D, a, d and P) have been observed to 

decrease generally. The occurrence of spinel structure in all the investigated samples 

has also been confirmed from FTIR spectroscopy. A clear change in the location of 

absorption bands on RE (= La, Gd & Nd) doping has also been observed. FE-SEM 

micrographs of Mn0.5Zn0.5RExFe2-xO4 (where RE = La, Gd, Nd) ferrites show sharp 

crystalline structures. EDS spectroscopy confirms the presence of constituents that is 

to say Mn, Zn, RE (= La, Gd & Nd), Fe, O for every investigated sample. 

From the proposed cation distribution, at the tetrahedral locations zinc ions and 

ferric ions cause A-A exchange interactions whereas at the octahedral locations 

manganese ions, ferric ions and RE3+ (= La3+, Gd3+& Nd3+) ions feature B-B 

interactions. At the tetrahedral and octahedral locations both bivalent (Zn2+& Mn2+) 

and trivalent (Fe3+& RE3+) metal ions cause A-B super exchange interactions. This has 

been further confirmed by the bond angles between the metal ions. There is an 

increment for quantities of θ1, θ2, θ5 suggesting firm A-A and A-B interactions whereas 

a decrement for quantities of θ3 & θ4 indicates feeble B-B interactions. Magnetic 

characterizations show superparamagnetic and paramagnetic behaviour of RE3+ (= 

La3+, Gd3+, Nd3+) doped Mn-Zn spinel ferrite. The absence of retentivity and coercivity 

at no magnetic field has been noticed for samples under investigation. Increase in 

magnetic parameters (MS and nB) with RE3+ doping is correlated with the bond angles. 

For La3+ (x = 0.050), Gd3+ (x = 0.025) and Nd3+ (x = 0.1) compositions, a maximum 

value of magnetic parameters have been observed.  

The ferrite nanoparticles having superparamagnetic behaviour may have several 

applications in biomedicine like drug delivery, gene delivery, MRI contrast 

enhancement, hyperthermia, radionuclide delivery etc. The future work will comprise 

to check the biocompatibility (i.e. cytotoxicity on cell lines) of bare and encapsulated 
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(i.e. coated with polyvinyl alcohol) ferrite superparamagnetic nanoparticle. Thereafter 

considering the results the bare and/or encapsulated ferrite superparamagnetic 

nanoparticle will be studied for possible drug delivery applications. On the part of 

fundamentals behind magnetization of the studied samples Mossbauer spectroscopy 

and temperature dependent VSM investigations will also be performed. 
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