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Abstract

Magnetic materials are widely used in different technological applications like, power

generation, communication, data storage and retrieval, sensors etc. Continuous efforts by

many researchers during the past many decades have led to the discovery of many novel

magnetic materials and properties like high-TC oxide superconductors, giant and colossal

magnetoresistive materials, giant magnetostrictive materials, etc. Magnetostriction is

the change in dimensions of a magnetic material when it is subjected to a magnetic

field. The phenomenon is reversible in the sense that an applied stress can led to a

change in the magnetic state of the magnetostrictive material. This reversible effect

gives magnetostrictive materials a special place among the existing smart materials. It

is important to develop different alternatives to the existing materials with reduced cost,

easy manufacturing and enhanced properties. Oxide based magnetic materials are suitable

alternatives to the existing alloy based materials.

Substituted lanthanum manganites came into limelight after the discovery of colossal

magnetoresistance in this class of oxides. LaMnO3 belongs to the family of perovskites

having the general formula ABO3. The magnetic properties of LaMnO3 can be altered by

substituting suitable metal ions in the A-site and/or in the B-site of the perovskite lattice.

Also, the magnetic properties are very much sensitive to the spin states of the ions present

in the B-site of the perovskite lattice. For example, it is known that substitution of Cr,

Co and Ni makes the antiferromagnetic LaMnO3 ferromagnetic whereas substitution of

Mn by Fe does not similar effects, though the opposite is expected. Hence it is very

much desirable to understand the role of Fe in determining the magnetic properties of the

substituted compositions.

The work presented in the part-I (chapter 3 and 4) of the thesis is focused towards

the understanding of the various aspects related to the development of the cobalt ferrite

based magnetostrictive materials. Part-II (chapter 5) of this thesis is on the studies on the

processing dependent magnetic properties of the Fe substituted lanthanum manganite.

The first chapter is a brief introduction to magnetism and magnetostriction and a

review of the structural and magnetic properties of the different magnetic materials used
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in the present study such as spinel ferrites and perovskite manganites. Special emphasis

has been give on the magnetostrictive behavior of these materials.

The second chapter describes the method employed for the synthesis of the ferrite

and perovskite materials studied in the present work. All the experimental methods and

characterization techniques used are briefly discussed in the specific sections.

Synthesis procedures of cobalt ferrite in the bulk as well as nanocrystalline forms

and its structural, magnetic and magnetostrictive properties are discussed in the third

chapter. The nanocrystalline materials having particle sizes in the range of 10 to 50 nm

are synthesized by different low temperature methods of synthesis. The magnetostriction

studies carried out on these materials have shown that sintered cobalt ferrite obtained

from powders synthesized in the nanocrystalline form exhibit enhanced magnetostriction.

The studies reveled the importance of microstructural control in determining in the mag-

netostrictive strain of cobalt ferrite. Another part of this chapter involves studies on the

effect of sintering temperature and time on the magnetostriction of ball milled cobalt

ferrite. These studies also reveled that it is necessary to control the microstructure and

the presence and small sized and uniform grains can lead to enhancement of the magne-

tostrictive strain.

Studies on the structural, magnetic, and magnetostrictive properties of Mn substi-

tuted cobalt ferrite are discussed in the fourth chapter. The effect of substitution of Fe

and Co in cobalt ferrite by Mn is studied in detail on the magnetostrictive properties of

two compositions Co1.2Fe1.8O4 and CoFe2O4. A strong dependence of magnetostriction

on the Mn content is observed in both cases. The substitution of Co by Mn enhances

the magnetostriction for small values of x in Co1.2−xMnxFe1.8O4 whereas magnetostriction

decreases continuously with increasing x in Co1.2Fe1.8−xMnxO4. A two fold increase in

the initial slope dλ/dH, with large magnetostriction as compared to that of the unsub-

stituted compound, is observed when small amounts of Co is replaced by Mn. Similarly,

the field at which maximum magnetostriction is obtained is also reduced by 50% by this

substitution. The magnetostriction parallel to the applied field direction decreases with

increasing Mn content, whereas the magnetostriction perpendicular to the field showed

a marked increase for 10% of the Mn substitution. The observed magnetostrictive prop-

erties are correlated with the magnetic properties. The results suggest the possibility of
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tuning the magnetostrictive properties of cobalt ferrite for various applications by proper

substitution.

The fifth chapter deals with studies on the structural and magnetic properties of

LaMn1−xFexO3 (0.0 ≤ x ≤ 0.5). The synthesis carried out by an autocombustion method

gave single phase nanocrystalline powders. The magnetic properties of these powders

were studied after annealing to various temperatures. Interesting modifications in the

magnetic properties are obtained on heat treatment. The introduction of Fe weakens

the ferromagnetic interactions and the composition with x = 0.5, show peculiar magnetic

behavior indicating the presence of ferromagnetic clusters. The magnetic properties have

been described on the basis of formation of clusters involving Mn3+ and Fe3+ and the de-

gree of distribution of these clusters is sensitive to heat treatment at different temperature

which in turn reflects in the magnetic behavior.



Chapter 1

Introduction

1.1 Materials Science

The progress of human civilization has been indexed based on the progress in the field

of materials science. Materials science is an extremely interdisciplinary subject involving

different branches such as physics, chemistry, engineering, biology, etc. The variety of

different subjects such as thermodynamics, crystallography, solid state physics, polymer

science, biochemistry, etc can be brought under one umbrella of materials science. New

branches are still evolving with the advent of knowledge in materials science. Nanotech-

nology is one such example. Materials science is one of the oldest form of engineering

and applied science. Understanding the basic aspects of a variety of materials such as

their structure and properties are the key issues in materials science. Based upon the fun-

damental understanding of structure-property relationship, new materials with enhanced

performance are currently being developed.

Materials can be classified depending upon their interaction with the surrounding.

Functional Materials : These materials perform a particular function for a specific appli-

cation depending upon their crystallographic or electronic features. e.g. semiconductors,

magnetic materials, etc.

Structural Materials : These materials are basically important because of their mechanical

properties and other features are not much relevant.e.g. steel, plastic, rubber, etc.

Smart materials : This class of materials respond to their surrounding in a two way

manner. They can sense the changes happening in their surrounding and send a feed

back signal to take an appropriate action. These materials are also termed as intelligent

materials. e.g. piezoelectric materials, shape memory alloys, magnetostrictive materials,
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magneto-rheological fluids, etc.

1.2 Magnetic Materials

Magnetic materials are all around us. The advent of the field of magnetism is mainly

because of the dedicated efforts from many people who have contributed to the basic

and fundamental understanding of this beautiful phenomenon. The progress in magnetic

materials has come a far way from the age old knowledge of lodestone by our ances-

tors. Magnetic materials find a lot of applications in many present day technologies.

The magnetic properties such as magnetization, coercivity and remanence determine the

possibility of using a magnetic material for a particular application. Magnetic materials

in different forms can be used such as oxides and alloys. Magnetic materials have found

applications in almost all areas related to our day to day life. The permanent magnets

such as AlNiCo, hard ferrites, Sm-Co magnets, Nd-Fe-B magnets, etc find variety of in-

dustrial applications. Soft magnetic materials, with high saturation magnetization, larger

permeability and very small energy dissipation find a lot of applications in the electri-

cal engineering and power electronics, used in the production, transportation and use of

the electrical energy. The soft magnetic materials are also used in telecommunication

and electronics [1]. Magnetic materials have also been used in magnetic field screening,

permanent magnets for loudspeakers, generators, analog data storage in video as well as

audio tapes, digital data storage in ferrite memory core, drum hard disc, floppy disc, etc.

The recent advances in the field of magnetism have shown bright future for many materi-

als to be used in advance technologies such as giant magnetoresistive materials to be used

in GMR read head and MRAMS. Diluted magnetic semiconductors (DMS), which are a

remarkable class of materials where magnetic ions are incorporated in a semiconductor

host lattice [2–4] to be used in spintronics or magnetoelectronics where both the spin

and charge of electrons are made use of [5, 6]. Thus, magnetic materials have been an

indispensable part of technological revolution and will continue to play a leading role in

forthcoming technologies.
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1.3 Magnetism in Materials

All materials are magnetic in nature [7]. The magnetic properties arise mainly due to

the electrons present in the atom, which have small magnetic moment by virtue of their

motion. Nucleus also has a small magnetic moment, but it is insignificant to that of the

electrons and it does not affect the gross magnetic properties.

1.3.1 Magnetic Moments of Electrons

There are two kinds of electron motions namely the orbital and the spin motion and each

has a magnetic moment associated with it. The orbital motion of an electron is similar to

the current in a loop of wire without resistance, and both are equivalent to the circulation

of charge. Therefore, the magnetic moment of an electron due to its orbital motion is

given by,

µ = (area of loop)/(current in emu)

If e is the charge on the electron in esu and c is velocity of light, then e/c is the charge

in emu. The current or charge passing through a given point per unit time is thus

((e/c)(v/2πr)) (1.1)

Therefore,

µorbit = πr2
( ev

2πrc

)
=

evr

2c
(1.2)

The angular momentum of an electron is given by,

mvr = nh/2π (1.3)

Combining these equations, we have the orbital magnetic moment for an electron in the

first Bohr orbit,

µorbit = eh/4πmc (1.4)

Spin is a universal property of electrons in all states of matter at all temperatures.

The electrons behave as if they were spinning about its own axis, as well as moving in an
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orbit about the nucleus and associated with this spin are definite amounts of magnetic

moments and angular momentum. The magnetic moment due to electron spin is equal

to,

µspin =
eh

4πmc
(1.5)

where e is the charge on the electron, h is Planck’s constant, m is the mass of an electron

and c is the velocity of light. Substituting all the values in above equation , the magnetic

moment due to the spin and orbital motion of electrons are found to be qual to 0.927×
10−20 erg/Oe. Because it is such a fundamental quantity, this amount of magnetic moment

is given a special symbol µB and is called as Bohr magneton.

There are some fundamental concepts associated with the field of magnetism. Mag-

netic moment is one such term. The magnetic moment is defined as, in a uniform magnetic

field H, if a magnetic pole of strength p is placed at an angle θ to another pole and sepa-

rated by a distance l, then a couple acts on the magnet moment m and is given by,

m = pHsinθ(l/2) + pHsinθ(l/2) = (pHsinθ) (1.6)

If H = 1 Oe and θ = 90 ◦,

m = pl (1.7)

The magnetic moment per unit volume is called intensity of magnetization or simply

magnetization and is given by,

M =
m

V
(1.8)

where V is the volume of the material. The specific magnetization is defined as,

σ =
m

W
=

m

vρ
=

M

ρ
emu/g (1.9)

where W is the mass and ρ is the density of the material. The magnetic properties of a

material are characterized not only by the magnitude and sign of M, but also by the way

in which M varies with H.

The magnetization per unit magnetic field is called the magnetic susceptibility(χ).

χ =
M

H
= emu/cm3Oe (1.10)



Chapter 1 9

χ is also called the volume susceptibility. Depending on the values and order of suscepti-

bility, substances have been classified into different categories. The most important ones

are paramagnetism, ferromagnetism, ferrimagnetism, antiferromagnetism and superpara-

magnetism [7,8].

1.3.2 Diamagnetism

Diamagnetism is associated inherently with all the materials. Diamagnetism originates

from the interaction of the paired electron which are lying in the inner shells of a material.

Their magnetization induced by the filed is very weak, and is opposite to the applied field

direction. This form of magnetism originates from the change in the electronic orbital

motion under the influence of an applied magnetic field. According to Lenz’s law, the

induced currents give rise to an induced magnetic flux, which is in the opposite direction

to the applied magnetic field. Diamagnetism is present in all the magnetic materials,

but it is masked because of the contribution from the magnetic atoms. Diamagnetic

materials have negative susceptibilities of the order of 10−6 which for practical purposes

are independent of temperature.

1.3.3 Paramagnetism

The magnetism of paramagnetic substances originates from the permanent magnetic mo-

ment associated with some or all of the constituent atoms. If these moments have negligi-

ble interactions with each other, then they can orient themselves freely in any direction.

This is called paramagnetism of free atoms. A paramagnetic substance is the one which

has a net magnetic moment associated with its constituent atoms. On applying a mag-

netic field, the average direction of the moments is modified and an induced magnetization

parallel to the field appears. This magnetization is lower, the higher the temperature.

With increasing temperature the variation of magnetization as a function of field becomes

more and more linear. In 1895, the French Physicist Pierre Curie first reported about

the variation of paramagnetic susceptibilities with temperature. He stated that, mass
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Figure 1.1: (a) Alignment of magnetic moments in different magnetic materials and (b)
variation of the inverse susceptibility with temperature of para-, antiferro-,ferro- and ferri-
magnetic materials.
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susceptibility of a paramagnetic substance varies inversely with the absolute temperature

and this is mathematically given by,

χ =
C

T
(1.11)

This equation is known as Curie’s law, where C is the Curie constant. The effective

magnetic moment µeff is directly related to the number of unpaired electrons present.

µeff = g[J(J + 1)]1/2µB (1.12)

The relationship between χ and effective magnetic moment µeff is given by,

χ =
Nβ2µ2

eff

3kT
(1.13)

where, N is Avogadro’s number, β is the Bohr magneton and k is Boltzmann’s constant.

Substitution for N, β and K gives,

µeff =
√

8C = 2.828
√

C (1.14)

When the orbital angular momentum is quenched L = 0 and therefore J = S, as in the

case for most transition metal ions. The effective magnetic moment is contributed by the

spin components only and is given by,

µeff = 2
√

S(S + 1) (1.15)

The alignment of magnetic moments and the variation of the paramagnetic susceptibility

with temperature is shown in figure 1.1.

1.3.4 Ferromagnetism

Ferromagnetism is the most important property of magnetic materials. The ordering

of the atomic magnetic moments is mainly governed by the magnetic exchange interac-

tions [7, 9–11]. Ferromagnetism is exhibited by certain metals, alloys, and compounds of

the transition metal ions (iron group, rare earth elements in which, below a certain tem-

perature called the Curie temperature, the magnetic moments prefer to align in a common
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direction. In a ferromagnetic substance, in regions called as magnetic domains, all the

magnetic moments are essentially aligned giving a net magnetic moment even in absence

of an external magnetic field. Ferromagnetic materials behave like paramagnets above

the TC . In Curies law, it is assumed that individual magnetic moments do not interact

with each other, but acted only by the applied magnetic field and thermal agitation. But

Curie’s law was modified by Weiss in 1907 for ferromagnetic materials. Weiss modified

this law by employing the idea of a molecular field ‘Hm’. This term is the internal field

inside a material and acted in addition to the applied field H. Thus,

Hm = γM (1.16)

where γ is called the molecular field constant. Therefore, the total field in the material

Ht = H + Hm (1.17)

Solving for these equations and Curie’s law, Weiss postulated that

χ =
M

ρH
=

C

T − ρCγ
=

C

T −Θ
(1.18)

This equation is known as the Curie-Weiss law, where Θ is called as Weiss constant and

is a measure of the strength of the magnetic interactions. For substances obeying Curie’s

law, Θ = γ = 0. The alignment of the magnetic moments and the temperature variation

of the susceptibility of a ferromagnetic material is shown in figure 1.1.

1.3.5 Antiferromagnetism

In antiferromagnetic materials the magnetic moments on the adjacent atoms orient align

opposite directions to each other, thereby leading to a net zero magnetic moment associ-

ated with the bulk material. They have small positive susceptibility at all temperatures,

but their susceptibilities varies in a peculiar way with temperature. The theory of antifer-

romagnetism was developed by Neel [12]. Below a characteristic temperature , called as

Neel temperature, TN , the two sublattice undergo spontaneous magnetic ordering as in

case of ferromagnetic materials, but the net magnetization is zero because of the opposing
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directions of the sublattices magnetizations. Under the influence of an externally applied

magnetic field, a small net magnetization can be detected. Above the Neel temperature,

antiferromagnetic materials behave like paramagnets. The alignment of the magnetic

moments and the temperature variation of susceptibility of an antiferromagnetic material

are shown in figure 1.1.

1.3.6 Ferrimagnetism

Ferrimagnetism is a phenomenon in which there is partial cancellation of the adjusting

magnetic moments. Ferrimagnetism is also called as uncompensated antiferromagnetism.

Ferrimagnetic materials behave like paramagnetic materials above TC and can retain spon-

taneous magnetization below the Curie temperature like ferromagnetic materials. The

general theory of ferrimagnetism was developed by Neel. The uncompensated sublattice

magnetization give a way to have ferrimagnetic materials with different magnetic charac-

teristics. The temperature dependencies of magnetic moments on the two sublattices are

different. So, the magnetization may even change sign with changing temperature. The

temperature, at which the sublattice magnetizations just cancel, is called Tcomp.

1.3.7 Superparamagnetism

When the particle size of a magnetic material is reduced below a critical size limit, the

thermal energy is not sufficient to overcome the coupling forces between the atoms, but

is sufficient to change the direction of magnetization of the entire particle. This results

in a fluctuating magnetization causing the magnetic moments to average to zero [13].

Thus the material behaves in a similar manner to paramagnetism, except that instead

of each individual atom being independently influenced by an external magnetic field,

the moment of the entire particle is aligned with the field. These particles are called

superparamagnetic. Superparamagnetism occurs when the particle size is generally in

between 1-10 nm. This is particularly important in the magnetic data storage technology,

where the superparamagnetic effect limits the minimum size of the particles that can
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Figure 1.2: Basic magnetization process in ferromagnetic materials.

be used [14]. There are some other commercialized applications of superparamagnetic

particles such as in magnetic resonance imaging(MRI), cell, DNA and protein separation,

RNA fishing, targeted drug delivery, magnetic hyperthermia, magnetofaction, tunable

viscosity (ferrofluid), high sensitivity sensors (GMR) etc [15–18].

1.3.8 Magnetization Process

The basic magnetization process in ferromagnetic materials is shown in figure 1.2. Any

ferromagnetic or ferrimagnetic material that is at a temperature below the Curie temper-

ature or TC , is composed of small volume regions in which there is a mutual alignment

of all the magnetic moments in the same direction. Such a region is called a domain and

each domain is magnetized to its saturation magnetization. Adjacent domains are sepa-

rated by domain boundaries or walls across which the direction of magnetization gradually
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changes. Normally domains are microscopic in size, and for a polycrystalline specimen,

each grain may consist of more than a single domain. Thus, in a macroscopic piece of

material, there will be a large number of domains, and all may have a different magneti-

zation orientation. The magnitude of the magnetic field for the entire solid is the vector

sum of magnetizations of all the domains. The domains are formed in order to reduce the

overall magnetostatic energy of the system and are separated from one another by do-

main or Bloch walls which are high energy areas defined as transition layer that separates

adjacent regions magnetized in different directions. The presence of this domain walls

and their mobility both reversibly and irreversibly are directly responsible for magnetic

hysteresis loop. For a ferromagnetic material, the field dependence of magnetization is

nonlinear and at large values of H, the magnetization M becomes constant and reaches a

saturation value called as Ms. However, once saturated, the reversal of magnetic field to

zero does not bring the magnetization M, to zero. It still possesses a finite magnetization

called as remnant magnetization (MR). In order to bring the remnant magnetization to

zero, a reverse field is required. The magnitude of this field is called coercivity (Hc). The

M-H curve in the case of ferro/ferrimagnetic materials is called as hysteresis loop. The

values of Ms, MR and Hc determine the magnetic nature of the material. The hysteresis

loop represents the energy loss during the process of magnetization and demagnetization.

During one complete cycle, this amount of energy (the hysteresis loss) is proportional to

the area inside the loop.

1.3.9 Magnetic Exchange Interactions

The long range ordering of the magnetic moments, exhibited by magnetic materials arises

because of the different type of exchange interactions present in these materials. There

are three main type of exchanges namely, dipole exchange, superexchange and the double

exchange [19]. The exchange energy forms an important part of the total energy of many

molecules and of the covalent bond in many solids. In a many electron system of crystal,

the exchange energy between atoms i and j having total spins Si and Sj, is given by the
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hamiltonian,

Hex = −
∑
ij

JijSi.Sj (1.19)

where, Jij is the effective exchange integral between atoms i and j having total spins Si

and Sj. If Jij is positive, Hex is minimum when spins are parallel (ferromagnetic) and a

maximum when they are anti-parallel (antiferromagnetic). A positive value of exchange

integral is a necessary condition for ferromagnetism to occur.

−Jex −
∑
ij

Si.Sj = −2zJexS
2 (1.20)

where z is the number of nearest neighbours.

From the Weiss field model, the relation between Jex and TC is give by [19],

Jex/kTC = 3/[2zS(S + 1)] (1.21)

In the case of metal oxides, the magnetic exchange forces are mediated via the oxygen

atoms, and therefore the direct exchange is not possible. The two important coupling

interactions are the 90◦ and the 180◦ cation-anion-cation superexchange. Here, the anion

orbital mediate the exchange and the cation-anion-cation bond angle is either 90◦ or 180◦

and hence the name. Depending upon the nature of the eg orbitals (considering an octahe-

dral crystal field) of cations, the coupling results in different types of magnetic ordering.

If both the eg are half filled, it leads to antiferromagnetic alignment whereas one half

filled and other empty leads to ferromagnetic alignment. The sign of the superexchange

interaction can determined by using the Goodenough-Kanamori rules [19].

1.3.10 Magnetic Anisotropy

The magnetic properties of materials are strongly affected by one important property,

called as magnetic anisotropy. This term simply means that the magnetic properties

depend on the directions in which they are measured. There are several kinds of magnetic

anisotropy such as, crystal anisotropy, shape anisotropy, stress anisotropy and exchange

anisotropy. Anisotropy can also be induced by magnetic annealing, plastic deformation
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etc. Of these, the crystal anisotropy is intrinsic to the material. In crystalline materials

the preferred directions of magnetization are called as magnetic easy axis or preferred

axis. Because the applied magnetic field must do work against the anisotropy force to

turn the magnetization away from the easy direction, there must be anergy stored in any

crystal in the magnetization points in a non-easy direction. The anisotropy energy is

defined as the amount of energy required to rotate the magnetization from a preferred or

“easy” direction to a so called “hard” direction. Or in other words, crystal anisotropy

can be regarded as a force which tends to bind the magnetization to directions of certain

forms in the crystal [7]. In a cubic crystal, if magnetization, Ms, makes angles a, b, c with

the crystal axes, and α1, α2 and α3 be the cosines of these angles then, the anisotropy

energy E, is given by,

E = K0 + K1(α
2
1α

2
2 + α2

2α
2
3 + α2

3α
2
1) + K2(α

2
1α

2
2α

2
3) + ... (1.22)

where K0, K1, K2,.. are constants for a particular material and are expressed in erg/cm3.

Higher powers are generally not needed and sometimes K2 is so small the terms involving

it can be neglected.

In the case of hexagonal crystals, the hexagonal c axis is the direction of easy magne-

tization, and any direction in the basal plane is equally hard. Therefore, the anisotropy

energy E, depends on only a single angle α between the magnetization Ms, and the c axis

and is given by,

E = K0 + K1sin
2θ (1.23)

The anisotropy energy is strain dependent so that anisotropy and magnetostriction of

materials are related.

1.4 Magnetostriction

When a substance is exposed to a magnetic field, its dimensions change. This effect

is called as magnetostriction. The nature of this effect is shown in figure 1.2. It was

discovered by Joule in 1842, who found that an iron rod increases in length when it was
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Figure 1.3: Joule magnetostriction: (A) The change in shape in response to a magnetic
field H where H is proportional to the current that passes through the solenoid and (B)
Relation between ∆L/L and H.

magnetized lengthwise [20]. Since the discovery of magnetostriction by Joule, there has

been continuous research activities in this field and development of devices based on this

effect. Magnetic anisotropy plays an important role in the magnetostriction of materials.

A crystal deforms spontaneously, to lower the anisotropy energy. On the other hand very

high anisotropy of a material may act as an obstacle. In this case a much higher magnetic

field is required to have larger magnetostrictive strains. The fractional change in length

∆L/L is simply a strain and to distinguish it from the strain ε, it was given a special

symbol λ.

λ =
∆L

L
(1.24)

Since magnetostriction arises from the anisotropic energy, it is anisotropic and is dif-

ferent in different directions. The anisotropic magnetostriction in a cubic single crystal is

given by [21],
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λs =
3

2
λ100(α1

2β1
2 + α2

2β2
2 + α3

2β3
2 − 1

3
) + 3λ111(α1α2β1β2α2α3β2β3) (1.25)

where α and β are the direction cosines of the magnetization and strain measurements

relative to the crystal axes, respectively. λ100 is the saturation magnetostriction along the

<100> direction and λ111 is the saturation magnetostriction along the <111> direction.

However, in the polycrystalline materials, in which the orientation of the grains is random,

the magnetostriction can be calculated by averaging the effects. In a polycrystalline cubic

material the saturation magnetostriction is given by,

λs =
2

5
λ100 +

3

5
λ111 (1.26)

Apart from the Joule magnetostriction there are several other effects similar to it.

A widely used effect is the Villari effect [22]. This effect is based on the principle that

when a mechanical stress is imposed on a sample, there is a change in the magnetic flux

density which flows through the sample as a result of the creation of a magnetic field.

This change in the flux can be detected by using pickup coils and is proportional to the

applied stress. This effect is reversible and has been used in sensor applications. Another

effect related to magnetostriction is the Wiedemann effect. The direct Wiedemann effect

occurs when a ferromagnetic rod is simultaneously magnetized by a longitudinal field and

a circular field generated by a longitudinal current, the resulting helical magnetic field

causes the sample to be twisted [23]. The physical background to this effect is similar

to that of the Joule effect, but instead of a purely tensile or compressive strain forming

as a result of the magnetic field, there is a shear strain, which results in a torsional

displacement of the ferromagnetic sample. There is also inverse Wiedemann effect. When

a ferromagnet with longitudinal magnetization is subjected to a mechanical torque, the

longitudinal magnetization changes and a circular magnetization is observed. This inverse

Wiedemann effect is also known as Matteucci effect. This effect is now receiving a lot of

attention because of its relevance in magnetic torque sensors [24–33].

Magnetostriction plays a very important role in almost all magnetic materials, because
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the magnetization process of a ferromagnetic material is always associated with some

dimensional changes. Sometimes magnetostriction has to be minimized because it opposes

the magnetization process thereby increasing the coercivity and the hysteresis loss. For

example, in magnetic recording heads and electric transformer cores magnetostriction has

to be minimized or completely eliminated. However, this phenomenon can also be used

for many applications. Since magnetostriction is an atomic phenomenon, these materials

have a lot of advantages. Magnetostrictive materials can be used both as sensors as well

as actuators. A magnetostrictive material will elongate or contract under the influence

of an external magnetic field thereby acting as an actuator. When a magnetic material

is brought under some kind of external stress, its state of magnetization changes. This

change in magnetic state leads to a change in the magnetic flux flowing out of these

materials, thereby making these materials very good for stress sensing. This bi-directional

nature of these materials, have placed them in the family of a special class of materials,

namely smart materials [34]. There are several advantages for magnetostrictive smart

materials such as non-contact nature of this phenomenon when compared to piezoelectric

materials. Continuous research on these materials led to the use of Ni, which has a

maximum magnetostriction of 50 ppm, for generating ultrasonic sound in SONAR devices,

at the time of second world war.

The largest known magnetostriction in any materials is that observed in rare earth

metals at cryogenic temperatures. Single crystals of dysprosium and holmium exhibit

magnetostrictive strain of 7500 ppm and 3500 ppm at cryogenic temperatures [35]. The

magnetostrictive rare earth metals crystallize in hexagonal close packed structure. In the

rare earth elements, the magnetic properties arise from the unfilled 4f shell, where as in

the case of transition metals it arises from the 3d electrons. The 4f electron tend to be

localized deep inside the atoms and thus they are well shielded from any direct interactions

with other 4f electrons on other atomic sites. Apart from this, they also have very larger

spin-orbit coupling than the transition metal ions. This results in the large anisotropy as

well as larger magnetostrictive strains. However, these giant strains were observed only at

cryogenic temperatures. Because of a relatively weak 4f-4f exchange, it is necessary to alloy
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Figure 1.4: Mechanism of Magnetostriction.

these rare earth elements with 3d transition metals in which the exchange interactions

are relatively strong. The discovery of giant magnetostrictive alloys at Naval Ordinance

Laboratory in the form alloys of RFe2 Laves phases, gave a new direction to the research in

this area. Clark and coworkers discovered giant magnetostrictive strains in alloys TbFe2

and DyFe2 [36].

1.4.1 Physical origin of Magnetostriction

On atomic level, magnetostriction is related to the magnetization process with the origins

similar to those of the anisotropy [37]. The origin of magnetostriction lies in spin-orbit

coupling. This coupling is also responsible for crystal anisotropy. By coupling one means

some kind of an interaction. The exchange interaction between two spins can be called

as spin-spin coupling. Similar to spin-spin interaction, the spin-lattice and spin-orbit

interactions are also important. The strength of spin-lattice coupling is too weak. There is

also a coupling between spin and the orbital motion of each electron. When an externally
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applied magnetic field tries to align the spin of an electron, the orbit of that electron

also tends be oriented. Since the orbit is strongly coupled to the lattice, it therefore

resists the change in the orbit orientation. Therefore the energy required to overcome

this resistance, can be called as the anisotropy energy which is required to overcome the

spin-orbit coupling. This change in the orbit direction ultimately leads to changes in the

lattice dimensions since the orbit is strongly coupled to the lattice, giving rise to small

dimensional changes.

1.4.2 Magnetostriction in Alloys

Although this phenomenon was discovered as early as in 1842, the range of applications

resulting from this were not visualized until the discovery of giant strains of nearly 1%

in the rare earth metals like Tb and Dy in 1963. Magnetostriction studies on rare earth

metals are very well described in the review by Doerr [38]. The origin of this magne-

tostriction is the large strain-dependent anisotropy of the rare earth ions (R) which are

situated at the cubic sites in the RFe2 lattice. It remains large because of the large

rare-earth-iron exchange interaction which aligns the rare earth spins even at high tem-

peratures. However, only in the case of the RFe2 compounds the Curie temperatures

are as high as 430◦C [39], whereas for TbCo2 and NiTb2 Laves phase compounds the

Curie temperatures observed are -35 and -227◦C respectively [40,41]. Although very high

strains are observed in TbFe2, because of the high anisotropy associated with it, higher

magnetic fields are required. However, the magnetization anisotropy can be totally com-

pensated by substitution of other rare earth elements with same-sign of magnetostriction

and opposite sign of anisotropy constant. It was found that replacing Tb by Dy was

the most effective way to reduce the magnetization anisotropy while producing a mini-

mal reduction in strain. Another advantage was that Dy and Tb have nearly the same

atomic size and they from complete solid solution [42]. This led to the discovery of the

family of the giant magnetostrictive alloys named Terfenol-D, TbxDy1−xFe2. For x =

0.27, the anisotropy is minimized and the fields required were reduced from a impractical

25 kOe to a practical driving field of 2 kOe for Tb0.27Dy0.73Fe2. At room temperature,
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strains as high as 1600 ppm are observed in Terfenol-D. Like Terfenol-D, another alloy

was developed named Samfenol-D, which showed giant negative magnetostriction of 2000

ppm. The magnetostrictive strains can be enhanced by the application of prestress. The

application of a pre-stress causes the magnetization to change the preferred direction of

magnetization towards the rod axis. A detailed description of Terfenol-D and other alloy

based magnetostrictive materials is reviewed in the book by Engdahl. [43]. Apart from

the use of bulk materials, thin films of these alloys have also been studied because of

their technological as well as fundamental interest [44]. Compared to the difficulty in the

preparation of single crystals of the bulk alloys, the thin films have other advantages such

as, easy formation of films with single RFe2 phase, easy designing of films with higher

magnetostrictive properties, ready installation in electronic devices, etc. Uchida et al.

have reviewed the progress in thin films of giant magnetostrictive alloys [45].

1.4.3 Magnetostriction in Oxides

Magnetostriction of oxide magnetic materials have been studied for a long time. The

magnitude of magnetostrictive strain in the oxides is not as high as that in the case

of rare earth compounds because of the diluted magnetic exchange interactions due to

the presence of oxygen in the lattice. There are studies on the magnetostrictive behav-

ior of garnets, spinels and perovskite type oxides in the literature. The rare earth-iron

garnets like Tb3Fe5O12, Dy3Fe5O12, and Ho3Fe5O12 were found to exhibit very high mag-

netostriction up to 2400, 875, and 475 ppm respectively in the single crystalline form at

a temperature close to -269 ◦C [46]. At room temperature, however, the magnetostric-

tive strains are almost negligible. Licci et al. have performed systematic investigation

of hexagonal ferrites and found that the magnetostrictive strain measured in the same

direction as that of the field is always positive except for the samples containing Fe2+

ions and larger strains were observed for the samples containing Ni and Co [47]. A strong

spin orbit coupling causes the rare earth spins to rotate from a preferred direction as

the temperature is lowered. As the orbital moment follows the rotation of spins, the 4f

electron clouds also rotate. This induces a perturbation in the local electrostatic field
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which is partially compensated by the shifting of the surrounding oxygens leading to an

overall distortion of the lattice.

Similar to the rare earth garnets, very high magnetostrictive strains are observed in

perovskite oxides at low temperatures. Doped perovskite manganites (AMnO3 where a

is a trivalent rare earth ion) show a wide variety of magnetic field induced phenomena.

The magnetic and transport properties of manganites are governed by the mixed valence

of the Mn ions and is less affected by the oxygen ions, The d-electrons are involved in

a variety of interactions such as double-exchange, superexchange, Jahn-Teller distortion,

etc. In all these interactions the eg electrons of the Mn3+ ions play a very important role.

The orbital degeneracy leads to a variety of phenomena, such as magnetic, structural,

and metal insulator transitions, collapse of charge order state under the influence of a

magnetic field etc, and is responsible of strong magnetoelastic coupling. The first ob-

servation of very large magnetostrictive effects in perovskite manganites were made very

soon after the discovery of colossal magnetoresistance in this group of materials [48, 49].

Kuwahara et al. observed a magnetic field induced phase transition from charge or-

dered antiferromagnetic state to a ferromagnetic state [50]. Dabrowski have studied the

magnetostriction of La1−xSrxMnO3 and correlated the observed striction effects to the

spin lattice coupling [51]. Rivadulla et al. have studied the magnetoelastic behavior

of charge ordered manganites like Nd0.5Sr0.5MnO3, and La0.5Ca0.5MnO3 [52]. Similarly,

Gwag et al. have proved the presence of strong electron-phonon and spin coupling in

(La1−xGdx)0.7Ca0.3MnO3 [53]. Mahendiran et al. have observed giant anisotropic mag-

netostriction, as high as 1500 ppm, in Pr0.5Sr0.5MnO3 [54], and were able to observe a

magnetic field induced antiferromagnetic to ferromagnetic transition which was accom-

panied by a structural transition. Teresa et al. have studied the magnetostriction as a

function of temperature for La2/3Ca1/3MnO3 and were able to use this data as a support

for the formation of magnetic polarons in this system [55]. The study of magnetostriction

as a function of temperature has been utilized to understand the nature of spin-lattice cou-

pling in manganites. Similar to manganites, perovskite type cobaltites also exhibit large

magnetostrictive strains [56,57]. Apart from these studies there are many other reports on
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the magnetostriction studies on perovskite manganites and cobaltites [58–72]. However,

these large strains in the manganites are observed only at very low temperatures and re-

quire very high magnetic fields. The requirement of very high magnetic field restricts the

use of this kind of materials for practical applications for sensing and actuation. Szym-

czak has reviewed giant magnetostriction effects in oxides, especially in CMR materials,

quasi-one-dimensional antiferromagnets and high temperature superconductors [73].

Amongst ferrimagnetic spinels, cobalt ferrite shows higher magnetostrictive strains in

both single crystal as well as polycrystalline forms [74]. The first studies on the magne-

tostriction behavior of spinel ferrites were performed by Bozorth [75,76] and Guillad [77].

Bickford et al. performed magnetostriction measurements on synthetic and natural mag-

netite crystals from 120K to 300K [78]. The recent studies on cobalt ferrite based ma-

terials have shown that these oxide based materials can be a suitable alternative to the

costly alloy based materials. These have several advantages over alloy based materials

although strains observed are less. The ease of synthesis, use of polycrystalline materials,

easy molding in a desired shape, high corrosion resistance, low production cost, minimum

eddy currents due to high resistivity and high Curie temperatures are some of the ad-

vantages. Recently cobalt ferrite based materials were also found to be suitable for non

contact stress sensing applications [79–81].

1.4.4 Applications of Magnetostrictive Materials

Magnetostrictive materials belong to the class of smart materials. Piezoelectric mate-

rials, magneto-rheological fluid, and shape memory alloys are some other examples of

smart materials. This class of materials can perform dual functions of sensing an external

stimuli and responding via an actuation process. Magnetostriction can be used to convert

magnetic energy in displacement, a typical example of actuation, while typical magnetic

sensor effect rely on the inverse magnetostrictive effect, where the magnetic properties of

the material are affected by the application of a mechanical load/stress [82]. A variety

of applications have been designed based on magnetostriction. Most of the current ap-

plications are based on the use of Terfenol-D. However, Ni was used for the generation
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Table 1.1: Magnetostriction, anisotropy and Curie temperature of some magnetostrictive
materials [43].

Material λ100(10−6) λ111(10−6) λs(10−6) K1(103J/m3) TC(K)

Iron 21 -21 47 1043

Nickel -46 -24 -33 -59 631

CoFe2O4 -920 180 -260 60* 793

TbFe2 1753 >1000 700

DyFe2 1560 676

Terfeno-D 90 1640 -1000 60 650-670

* This valve is sensitive to the exact stoichiometry, Co/Fe ratio and heat treatment.

of ultrasound waves in SONAR devices during world war times. Materials conventionally

used for actuation are magnetostrictive elements like nickel, cobalt, iron, and their alloys.

These materials possess magnetostrictive strains typically lower than 100 ppm. In recent

years, after the discovery of giant magnetostrictive materials based on Terfenol-D and

other rare earth based materials with giant magnetostriction, up to 2400 ppm, many new

applications were proposed. Reduction mass actuator and linear motor based on terfenol

have been developed [83]. Terfenol-D has also been used to build a sonar transducer. A

structure has been developed to convert the elongation movement of a magnetostrictive

material into a rotary motion to form a micro stepping rotary motor [84]. Magnetostric-

tion can be used in linear motion actuators in combination with conventional technologies

like hydraulic technologies. Small elongations, added step by step, can be used as a work-

ing principle in a simple pump for high-pressure fluid flow. A system combining the

magnetostrictive functionality with hydraulic non-return valves has been developed [85].

The high efficiency in converting magnetic energy into mechanical energy and vice versa,

enables the use of this property to be used in contact-less sensor applications. Various

other application are described in the book by Engdahl [43].
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Figure 1.5: The Spinel structure.

1.5 Materials Studied In the Present Work

This thesis deals with the studies on two different types of magnetic oxides. The part

one (Chapters 3 and 4) of the work presented here deals with the magnetic and magne-

tostriction studies on cobalt ferrite. The second part (Chapter 5) of the work deals with

understanding the properties of substituted lanthanum manganite. The structural and

magnetic aspects of these two classes of materials are discussed in the following sections.

1.5.1 Spinel Ferrites

Ferrites can be divided into three different classes namely spinel type ferrites, hexaferrites,

and the rare earth ferrites (the garnet materials). Ferrites are ferrimagnetic materials hav-

ing the reputation of industrially valuable class of oxides. Ferrites are used in permanent

magnets, inductors, power transformers, channel filters, magnetic recording heads, load-

ing coils, loud speakers, electric motors, stepping motors, pulse transformers, flyback
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Figure 1.6: The two types of octants containing A cations in the tetrahedral (type I) and
the B cations in the octahedral (type II) coordination in the unit cell divided into eight
small octants.

converters, push-pull converters, waveguide in microwave region, etc. [1, 86–88].

Spinel structure is derived from the mineral spinel MgAl2O4 and the spinel type oxides

have the general formula AB2O4. Spinel ferrites have the general formula MFe2O4. The

spinel structure is shown in figure 1.5. The spinel lattice is composed of close packed

oxygen atoms in which 32 oxygen atoms form a unit cell which is the smallest repeating

unit in the crystal network [89]. The oxygen ions form interstices which can be accom-

modated by different metal ions, There are two types of interstices formed, as shown in

figure 1.6, one is called the tetrahedral or the A-site which is surrounded by four oxygen

ions, and the second one is the octahedral site or the B-site. In the unit cell of 32 oxygen

ions there are 64 tetrahedral and 32 octahedral sites. If all these sites are filled up by

metal ions with either +2 or +3 valence, then the positive charge will be much greater

than the negative charge and the structure will not be electrically neutral. So it turns

out that out of the 64 tetrahedral sites only 8 are occupied and out of the 32 octahedral

sites only 16 are occupied thereby maintaining the charge neutral. One unit cell contains
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8 formula units MO.Fe2O3. The spinel ferrite space group is Oh
7 (Fd3m) [90, 91] (space

group number 227). The oxygen ions in the fcc lattice do tend to adjust their positions in

order to accommodate the difference in the radius ratio of the cations in the tetrahedral

and octahedral sites. This adjustment parameter is known as oxygen parameter denoted

as ‘u’ [74, 92]. In an ideal spinel structure the angle B-O-B is about 90◦ and the angle

A-O-B is 125◦. The A-O distance is a(x-1/4)
√

3 and the B-O distance is a(5/8-x).

The distribution of the cations in the tetrahedral and the octahedral sites is governed

by many parameters such as the ionic radius, the size of the interstices, temperature, the

orbital preference for specific coordination, electronic configuration, electrostatic energy

(Madelung enery) and most importantly the crystal field stabilization energy. Depending

upon the distribution of cations in the A and B-sites, spinel ferrites are classified further

into two categories namely normal spinels and inverse spinels. In general, the cation

distribution can be represented as M1−x
2+Fex

3+[Mx
2+Fe2−x

3+] where the ions inside the

square bracket are situated in the octahedral sites and those outside are situated on the

tetrahedral sites. When x = 0, then all divalent ions occupy the tetrahedral or the A-sites

and the spinel is called as normal spinel. The examples of normal spinel are ZnFe2O4

and CdFe2O4, in which the Zn2+ and Cd2+ ions are situated on the A-sites and all the

Fe3+ are situated in the B-sites. When x = 1, the spinel is called as inverse spinel, e.g.

CoFe2O4 and NiFe2O4. In this case the divalent Co and Ni are present in the octahedral

sites. However, the value of x can lie in between 0 and 1 also. In this case the spinel is

called as mixed spinel, such as CuFe2O4 and MgFe2O4. The cation distribution is sensitive

to the method of synthesis and heat treatments. The magnetic, structural, and optical

properties of spinel ferrites are very much dependent on the cation distribution and the

microstructure of the final sintered products. Groenou et al. have reviewed the effect of

microstructure control with emphasis on the sintering process of spinel ferrites [93].

Magnetism in Ferrites

Magnetization in ferrites occurs from the uncompensated antiferromagnetism, so the mag-

nitude of magnetization depends on composition, cation distribution and the relative
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strength of the possible interactions. Since cation–cation distances are large in ferrites

due to their crystal structure, direct exchange interactions are negligible. The major

interaction occurs in ferrites is the superexchange interaction between octahedral and

tetrahedral cations or A–O–B interactions [74,86,88]. The next acceptable interaction is

B–O–B superexchange. However, A-O-A interaction is not coming into picture, as it is

very weak [92]. The strength of exchange interactions control the saturation magnetization

and the Curie temperature of the ferrites and this exchange interaction is controlled by

cation distribution. The magnetic exchange forces between the metal ions in the ferrites

are mediated via oxygen ions by an exchange mechanism best known as the superexchange

interaction. If there are n identical magnetic ions per unit volume, then a fraction x is

located on A-sites and a fraction y = (1-x ) on the B-sites. µA and µB represent the aver-

age moment of A and B ions in the direction of field at temperature T. The ions A and

B are exposed to different molecular fields, so µA and µA are not identical, even though

the ions A and B are identical. Then the magnetization of the A-sublattice is MA=xnµA.

The total magnetization of the two sublattices is

M = MA + MB (1.27)

The molecular field acting on the sublattice A is

HmA = −γABMB + γAAMA (1.28)

and molecular field acting on the sublattice B is

HmB = −γABMA + γBBMB (1.29)

Here MA and MB represent the magnetizations of the A and B sublattice, respectively.

The strength of the exchange interactions between A-A, B-B and A-B are represented by

γAA, γBB and γAB respectively. Here the molecular field coefficients represented by γ are

to be regarded as positive quantities and the negative sign corresponds to the antiparallel

interaction between A and B ions, whereas the positive sign corresponds to the parallel

interaction between the same site ions. The magnetization of each sublattice obeys the
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Curie law,

MA =
CA

T
(H + HmA) (1.30)

MB =
CB

T
(H + HmB) (1.31)

Since the Curie constants CA and CB are not identical for the two different sites, the

above equations are modified by introducing the term density of ferrimagnetic materials

on the right hand sides and now putting the values of HmA and HmB in equations 1.30

and 1.31, the magnetization on the two different sites are obtained as

MA =
ρCA

T
(H + γAAMA − γABMB) (1.32)

and

MB =
ρCB

T
(H + γBBMB − γABMA) (1.33)

After solving these two equations, the mass susceptibility, χ, of a ferrimagnetic mate-

rial is obtained as

χ =
M

ρH
=

T

C
+

1

χ0

− K

T −Θ
(1.34)

where C = CA + CB and K is a constant. Although Θ has the dimension of temperature,

it has no physical significance above the Curie temperature. Therefore,

χ =
C

T −Θ
(1.35)

Thus, from equation 1.35, it is concluded that above the Curie temperature ferrimagnetic

materials obey the Curie-Weiss law [7,86,94].

Cobalt ferrite, CoFe2O4, is known to have very important magnetic properties such as

high saturation magnetization and coercivity. It is one of the technologically important

ferrite. Earlier it was reported that cobalt ferrite is an inverse spinel [95], however detailed

investigations have shown that it is not completely inverse [96]. There has been special

attention to cobalt ferrite because of its high coercivity and saturation magnetization.

Many novel synthesis routes have been developed for the synthesis of nanosized cobalt

ferrite such as combustion method [97], micro-emulsion method [98], sol-gel synthesis,
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etc [99]. Also, cobalt ferrite exhibits highest magnetostriction amongst the ferrimagnetic

spinels [74]. The magnetostrictive properties of cobalt ferrite have been investigated in

the 1950s, both on polycrystalline material [77] as well as on single crystals [75]. Amongst

ferrimagnetic spinels, cobalt ferrite has the highest value of magnetostriction in both its

single crystal as well as polycrystalline forms. In single crystal form, maximum magne-

tostriction of 600-900 ppm has been reported depending on the composition [76, 80, 87].

For polycrystalline cobalt ferrite a maximum value close 230 ppm has been reported re-

cently by McCallum et al. [80]. Efforts have been made to enhance the magnetostrictive

strains further by magnetic annealing [100]. Cobalt ferrite based materials have been

proposed as promising materials for stress sensing applications [79].

1.5.2 Perovskite Manganites

Ideal perovskites type oxides have the general formula ABO3 where A-site cations are

typically larger than the B-site cations and similar in size to the anions [101]. Perovskite-

type oxides derive their name from the mineral called perovskite with the chemical formula

CaTiO3. It was first described in the 1830’s by the geologist Gustav Rose, who named

it after the famous Russian mineralogist Count Lev Aleksevich Von Perovski. The Phe-

nomenon of ferroelectricity was first observed for a perovskite oxide, BaTiO3, in the year

1945 [102]. After this discovery, extensive research work on these materials led to the

discovery of many new ferromagnetic, ferroelectric and piezoelectric materials. The dis-

covery of superconductivity in the perovskite type oxide, BaxLa5−xCu5O5(3−y) ( x = 1

and 0.75 and y > 0) [103], and Colossal Magnetoresistance (CMR) in the compound

La0.67Ca0.3MnOx (x depends on the oxygen pressure during the synthesis) [104], have

caught the attention of many researchers towards this family of materials. It is also in-

teresting to note that the magnetic and electrical properties of these materials can be

modified by suitable substitution of proper ions in the perovskite structure.
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Figure 1.7: Structural features of an ideal perovskite, ABO3.

Structural Aspects

Figure 1.7 shows that in the perovskite structure the A cations are surrounded by twelve

anions in cubo-octahedral coordination and the B ions are surrounded by six anions in

octahedral coordination. The oxygen anions are coordinated by two B-site cations and

four A-site cations. Perovskites having the ideal structure adopt the cubic space group

Pm3m (space group number 221). SrTiO3 is commonly regarded as the archetypical cubic

perovskite as its structure approaches closely that of the ideal ABO3 compound. In the

case of perovskite oxides, Goldschmidt defined the tolerance factor [105] as,

t =
rA + rO√
2(rA + rO)

(1.36)

which is unity for ideal sized cations. The perovskite structure occurs only within the

range 0.75 < t < 1.00.

However, the perovskite structure is rarely cubic, due to unavoidable misfit in the

packing of atoms, if the atoms A and B are not of the ideal relative sizes. The A and

B cations must in themselves be stable in twelve fold and six fold coordinations. This
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implies that the ionic radii for a A-site ions rA > 0.90 Å, and rB > 0.51 Å. If 0.75 <

t < 0.9, then a cooperative buckling of the corner shared octahedra with an enlarged

unit cell is observed [106]. On the other hand, if 0.9 < t < 1, then buckling of the

octahedra is not observed, instead smaller distortions to rhombohedral symmetry occur.

This size mismatch can not be compensated by the relative shifts in the atomic positions

so as to keep the symmetry intact (as in case of spinels). Instead, a structure with lower

symmetry is formed such as rhombohedral, orthorhombic, monoclinic and tetragonal.

These structures are temperature dependent and they can reversibly or irreversibly convert

to different structures at different temperatures as in the case of BaTiO3 [102]. The

structural distortions in manganites arise mainly because of two factors. The A-size cation

mismatch and the Jahn-Teller effect of the B-site ions (such as Mn3+). The structural

changes can also be induced by collective electrons as is commonly seen in the case of

ferroelectric materials like BaTiO3. Such materials undergo structural transitions from

orthorhombic to rhombohedral, because of the displacement of the Ti ions along the [111]

direction of the crystal.

The Jahn-Teller (JT) effect plays an important role in determining the structural fea-

tures of the perovskite type manganites AMnO3. This effect distorts the MnO6 octahedra

in order to produce long and short Mn-O bonds. The distortion of this kind results from

the well known Jahn-Teller theorem which states that, for a non liner molecule, in an

electronically degenerate state, distortion must occur to lower the symmetry, to remove

the degeneracy and lower the energy.

In LaMnO3, the Mn3+ ions show the Jahn-Teller effect, in which the MnO6 octahedra

distorts in such a way as to produce long and short bonds. This occurs below a charac-

teristics temperature (TJT ). The most effective distortion is the basal plane distortion

(called Q2 mode) in which the one diagonally opposite O-pair is displaced outward and the

other is displaced inwards as shown in figure 1.8. It has been shown that a JT distortion

involving a displacement of the oxygen ions > 0.1 Å leads to the splitting of the eg band

of the manganite and opens a gap at the fermi level. The parent compound, LaMnO3 is

a Jahn-Teller distorted compound. Below 900 K, the rhombohedral structure of LaMnO3
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Figure 1.8: Structural distortions in perovskites. (a) due to cation size mismatch and (b)
due to Jahn-Teller effect

changes to O’-orthorhombic, associated with the freezing of dynamic distortion. This can

be regarded as an order-disorder transition, where the static Jahn-Teller effect becomes

dynamic [107,108]. Here, the O’-orthorhombic structure with c/a<
√

2 indicates that the

Jahn-Teller distortions are superimposed on an O-orthorhombic crystal with c/a>
√

2,

which is already distorted due to ionic-size mismatches [109]. Nevertheless, the impact

of these localized electronic effects on the structure is of ten times less, when compared

to that from the ionic size/charge effects. The Mn-O-Mn bond angles are about 155◦ in

LaMnO3 [110].

Magnetic Properties

In the parent compound LaMnO3, the cooperative buckling of the MnO6 octahedra due to

the ionic size mismatch gives rise to orthorhombic structure [111]. The so called “internal

pressure” created because of the cation size mismatch can be reduced by the incorporation

of Mn4+ ions, which has a relatively smaller ionic size. This has been supported by the

observation of an abrupt decrease in the Mn4+ content, when smaller ions like Al3+ and
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Co3+ are substituted for Mn [112,113]. The additional charge due to Mn4+ is supposedly

compensated by the presence of excess oxygen. In reality, there is no such provision to

accommodate excess oxygen, in the perovskite structure. Therefore this actually refers to

cation deficiency, and is represented as La1−xMn1−yO3. This cation deficient compounds

are expressed as LaMnO3±δ, where δ represents the “excess” and the negative sign gives

the deficiency of oxygen.

The JT distortion leads to the formation of two new eg orbitals in LaMnO3, namely,

3x2-r2 and 3y2-r2, formed by linear combination of 3x2-y2 and 3z2-r2 with the help of Q2

mode of Jahn-Teller active mode of vibration [114]. Now, hybridization with the oxygen

2p orbitals gives anti-bonding nature to these new orbitals. Thus, eg orbital extending

along the longer Mn-O bond has lower energy and results in the ordering of 3x2-r2 and 3y2-

r2 orbitals in the ab-planes [115]. In short, Mn3+-O-Mn3+ exchange interactions become

anisotropic and results in A-type antiferromagnetic spin ordering below 135 K, but with

a positive Θ. In the A-type ordering, ferromagnetically ordered adjacent Mn-planes are

coupled antiferromagnetically resulting in no net magnetic moment.

The structural, magnetic and transport properties of A-site substituted LaMnO3 in

the series La1−xAxMnO3, have been vastly studied in the recent past. Divalent ions hav-

ing suitable ionic radii, like Ca2+, Sr2+, Pb2+, can be substituted for La. This introduces

equivalent amount of Mn4+ ions in the structure, in order to maintain the charge neu-

trality and to reduce the JT distortion. The material becomes ferromagnetic at a finite

x and metallic below TC [116, 117]. Apart from the interesting magnetic and structural

properties, these hole doped manganites also exhibit the CMR effect [118–120].

In the manganites, important type of exchange is the superexchange, where the oxy-

gen p orbitals mediate the exchange through the Mn-O-Mn linkage whose ideal bond

angle is 180◦ [121]. Depending upon the nature, symmetry, and occupancy of the eg or-

bitals, the coupling results in various types of magnetic ordering; the governing factors

being the Pauli antisymmetric principle and Hund’s rule of spin multiplicity. If the eg

orbitals on both the Mn ions are half filled, an antiferromagnetic type of exchange re-

sults and if eg orbital of one Mn ion is vacant, with the other half filled, a ferromagnetic
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Figure 1.9: Different types of exchange in manganites.(a) and (b) superexchange (c)
double exchange.



Chapter 1 38

type of exchange results. Figure 1.9(a) and (b) show the superexchange mechanism in

manganites. However, certain correlated phenomena like co-existence of metal-insulator

transition and ferromagnetic-paramagnetic transition could not be explained by the sim-

ple superexchange scenario. Hence, the concept of double exchange was suggested for

explaining this behavior in certain hole-doped manganites. The origin of ferromagnetism

in manganites has been explained by Zener in the so called double exchange mechanism

(DE) [122], which was further developed by various researchers [123, 124]. The double

exchange mechanism involves the real transfer of an electron from the partially filled eg

orbital of Mn3+ to the empty eg orbital of Mn4+, via the intermediate oxygen ion. DE re-

sults in the initial and final states of the same energy. During DE, the spin of the hopping

electron is kept intact via Hund’s rule coupling. All these salient features of the DE were

believed to be the reason for metallic conductivity and CMR effect of La1−xAxMnO3±δ

compounds below the ferromagnetic transition temperature. The schematic of the double

exchange mechanism is shown in figure 1.9(c).

B-site Substituted LaMnO3

The substitution in the A-site of LaMnO3 cause changes in the spin states of the Mn

ions situated in the B-site. Therefore, the magnetic properties can be controlled by direct

substitution at the B-site by different metal ions like in LaMn1−yDyO3 where M is a smaller

metal ion. Depending upon the nature of magnetic interactions between the Mn3+ and

the other substituted ions, the magnetic properties will change. The substitution at B-

site can be broadly classified into two classes, based upon the nature of the substituent

ion namely d0 or d10 substituents in which the d orbitals are either empty or full and

substituents having empty d orbitals.

Substitution of Ions With Empty or Filled d Orbitals

The effect of substitution of various non-magnetic ions such as Li+, Na+, Mg2+, Sc3+,

Sn4+, Zn2+, Ga3+, Al3+, and Ti4+ has been reported in the literature. In principle, these

ions do not directly take part in magnetic exchange. However, they affect the magnetism
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and crystal structure of the parent phase via the size effect as well as because of the

dilution of the magnetic interactions. Depending upon the size of the substituent ions,

the Mn-O-Mn bond angle may change, which in turn affects the strength of the superex-

change interaction. The difference in the ionic size or ionic charge as compared to that of

Mn3+ may lead to ordering of these ions in the B-site of the perovskite lattice. However,

if the ionic sizes and charges are same, then they may not show a site preference, instead

a random distribution may take place. The effect of substituting monovalent ions like

Li+ [125–127] and Na+ ions [128, 129] has been studied. The Li+ ions introduces equiva-

lent amount of Mn4+, however, the magnetic and transport properties are different than

those observed for La1−xAxMnO3 containing equivalent amount of Mn4+, showing insu-

lating, spin-glass behavior. Substitution of Na+ showed a weak and broad ferromagnetic

transition, incipient at around 300 K. The Mg2+ substitution showed an orthorhombic

structure and an increase in TC , up to 20% Mg content was observed by Kutty and

Philip [126]. The substitution of Zn2+ ions has been reported by Hebert et al. [127] and

Hu et al. [130]. These two reports contradict each other in terms of magnetic behavior.

According to Hebert et al. the TC increases initially up to x = 0.15 and then decreases

for x = 0.2. This initial increase was attributed to the destruction of the orbital ordering

in LaMnO3 by Zn substitution [127]. Hu et al. reported a continuous decrease in the

TC with increasing Zn content and explained on the basis of ferromagnetic cluster forma-

tion [130]. Substitution of the trivalent ion Sc3+ induces ferromagnetism because of the

destruction of the orbital ordering in LaMnO3 [131]. The effect of substituting Ga3+ up to

x = 0.5 in LaMn1−xGaxO3 has been studied by several authors [109,114,127,132–134]. It

was found that Ga3+ ions order in the (001) plane exhibiting an O’-orthorhombic struc-

ture and a spin-glass or a canted spin-glass to ferromagnetic transition is observed for

x = 0.2 [109, 127, 132–134]. The effect of substitution of Al3+ ions was first studied by

Jonker [135] and reported a monoclinic structure for the compositions. Recently, however,

O-orthorhombic structure has been reported by Goodenough et al. [131]. The substitu-

tion of tetravalent ions like Sn4+ and Ti4+ has also been reported. In the case of Sn4+

substitution, a decrease in the magnetization and a rhombohedral structure have been
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observed [136] along with the presence of SnO2 impurity for x ≥ 0.15 [137]. The Ti sub-

stituted compositions were found to have orthorhombic structure [126], and a decreasing

magnetic moment and TC were observed with increasing Ti content.

Substitution of Ions with Partly Filled d Orbitals

The effect of vanadium substitution for Mn, LaMn1−xVxO3, in the composition range (0.1

≤ x ≤ 0.9) has been reported by Teplykh et al. [138]. All the compositions in the series

were found to have an orthorhombic structure. These compositions exhibit spin-glass

behavior coexisting with short range magnetic ordering. The smaller size of the V3+ ion

as compared to that of Mn3+ may help to reduce the internal pressure. The destruction of

the orbital ordering resulting from a random occupancy of the V ions can produce isotropic

Mn3+-O-Mn3+ exchange, in addition to the positive Mn3+-O-V3+ superexchange leading

to short range ferromagnetism.

The effect of substituting Co, Ni and Cr has been studied in detail by several authors.

The structural studies on Cr substituted samples reported a monoclinic structure for the

Mn rich samples [116, 139]. However, recent studies have shown rhombohedral [140–142]

and O’-orthorhombic [143] structure in this compositional range. For higher Cr concen-

trations, an orthorhombic structure has been reported recently [139, 140, 144, 145]. The

composition with lower Cr content were found to be ferromagnetic and the TC decreases

with increasing Cr content [143,144]. At higher Cr concentrations different magnetic be-

haviors such as ferromagnetic cluster formation [143] and ferrimagnetic behavior [139] have

been reported. The substitution of Co also shows a blend of crystal structures depending

upon the Co content. Co rich compositions have been reported to exhibit rhombohedral

structure [146, 147] and Mn rich compositions show orthorhombic structure [147, 148].

The magnetic studies performed on Co substituted samples showed the ferromagnetic

nature of the compositions. Depending upon the spin states, there are three positive

superexchanges reported for the ferromagnetic behavior of LaMn1−xCoxO3, viz. Mn3+-O-

Mn3+, Mn4+-O-Mn3+ and Mn4+-O-Co2+ exchanges. The substitution of Ni in the series

LaMn1−xNixO3 shows orthorhombic structure for Mn rich compositions [127,149,150]. In
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these compositions, the ferromagnetic ordering temperature increases with x and a max-

imum TC is obtained for x = 0.5. However, both the Co and Ni substituted samples are

reported to show mixed phase behavior [109,151,152]. The existence of two different fer-

romagnetic phases has been reported in the case of LaMn0.5Co0.5O3 and LaMn0.5Ni0.5O3

with different ordering temperatures depending upon the spin states of the ions [153,154].

The substitution of Fe for Mn has been reported to have orthorhombic [148,155–157]

as well monoclinic structures. However, Tong et al. have reported rhombohedral structure

for 0.0 ≤ x ≤ 0.3 in LaMn1−xFexO3, which then transforms to orthorhombic structure for

higher Fe content [158]. The magnetic properties of Fe substituted compositions show very

interesting features. In the low concentration range, the parallel alignment of the magnetic

moments is not observed [159, 160] and the magnetic transition temperature decreases

along with the broadening of the magnetic transition to a wide temperature range with

increasing x. The substitution of Mn by Fe in the La1−xAxMnO3 system, which is already

ferromagnetic and metallic, destroys ferromagnetism and conductivity with increasing

Fe3+ ion concentration [156,161–165]. Reports on LaMn1−xFexO3 show that Fe is present

in the trivalent high spin state. Fe3+ has the same ionic size as that of Mn3+, due to

which it may be randomly distributed in the B-site of the perovskite lattice. Such a

random occupancy increases the probability for Fe3+-O-Fe3+ antiferromagnetic exchange

interactions. Mn3+-O-Fe3+ (HS) exchange is predicated to be strongly ferromagnetic

[19]. The influence of Fe3+-O-Fe3+ on the above ferromagnetic exchange and the random

occupancy of Fe3+ in the Mn-site of the manganite are evident from the studies on a

thin film sample of LaMn0.5Fe0.5O3, where Mn and Fe ions are found to be ordered to a

considerable extent [166–168]. Joly et al. have studied the effect of Fe substitution for Co

on the high TC phase of LaMn0.5Co0.5O3 and explained the observed magnetic behavior

based on the random distribution of Mn and Fe ions in the B-site of the perovskite

lattice [169].

Thus, the magnetic properties of lanthanum manganites are very sensitive to the spin

states of the metal ions present in the A-site as well as in the B-site of the perovskite

lattice. Also, the processing temperatures can lead to evolution of different magnetic
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phases having different spin states of the metal ions present.

1.6 Scope of the Present Work

1.6.1 Magnetostrictive Investigations on Cobalt Ferrite

The importance of magnetic materials in present day’s technologies is tremendous. The

development of suitable magnetic materials with enhanced magnetic properties can help

in constructing new devices with superior performance. The applications of magnetostric-

tive materials can be recognized by the tremendous potential of Terfenol-D. However, the

need to overcome certain disadvantages of this alloy based magnetostrictive material, has

motivated the investigation towards finding a suitable alternative material. Recent devel-

opments in this field have shown that cobalt ferrite is a promising material for developing

oxide based magnetostrictive materials. However, there are only very few reports on the

systematic investigation of the magnetostriction of cobalt ferrite. In the present work a

detailed analysis has been carried out in order to understand the relationship between the

magnetostriction of cobalt ferrite and other factors.

1.6.2 Magnetic Properties of LaMn1−xFexO3

The perovskite manganites show magic interplay between the spin, charge and electronic

degrees of freedom. The magnetic properties of manganites have shown interesting prop-

erties like colossal magnetoresistance (CMR) and magnetocaloric effect. Perovskite man-

ganites have also been reported to show giant magnetostriction close to the Curie tem-

perature. The magnetic properties of the manganites are very sensitive to substitution

of different cations in the A-site as well as B-site of the perovskite structure. The an-

tiferromagnetic insulator LaMnO3, can be turned into a ferromagnetic by substitution

of Co3+, Ni3+ and Cr3+ in the B-site. However, the substitution of Fe3+, even though

Fe3+ is magnetic in nature, in the B-site destroys the ferromagnetic ordering. The work

performed in the present study analyzes the effect of Fe substitution for Mn in LaMnO3.

The magnetic properties of Fe substituted LaMnO3 have been studied after processing a
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low-temperature synthesized sample at different high temperatures. The results presented

here show that the magnetic properties are sensitive to processing temperatures, and the

distribution of Mn3+ and Fe3+ ions in the perovskite lattice depends on the processing

temperature. The present study also highlights the different role played by Fe ions as

compared to other metal ions like Co, Ni and Cr.
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Chapter 2

Experimental Methods

2.1 Introduction

This chapter discusses the different methods of synthesis and various experimental tech-

niques used for the characterization of different materials studied in the present work.

Such techniques involve the methods of synthesis of the oxides under study and character-

ization of the structure, microstructure, magnetic properties, sintering behavior, density

measurements, magnetostriction measurements, etc. In the following discussions and all

other chapters, the unit of temperature for material processing and magnetic measure-

ments above room temperature is expressed in degrees Celsius as most of the thesis deals

with the processing of materials at higher temperatures. For magnetic measurements

below room temperature, the unit of temperature is expressed in degrees Kelvin.

2.2 Synthesis

There are several methods available for the synthesis of oxide materials in the bulk as

well as nanosized forms such as ceramic, sol-gel, citrate precursor method, combustion,

co-precipitation, etc [1, 2]. The most commonly used method is the ceramic or the high-

temperature method. In the present work the different oxide materials were synthesized in

the bulk as well as nanosized forms by using different methods, especially the conventional

ceramic method and the glycine-nitrate autocombustion method. Apart from these two

synthesis methods, the citrate precursor route and the coprecipitation methods were also
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been used for the synthesis of nanocrystalline cobalt ferrite.

2.2.1 Ceramic Method

Cobalt ferrite and substituted cobalt ferrites were mostly synthesized by the solid state or

the ceramic method of synthesis which is one of the commonly used method for prepar-

ing metal oxides and other solid materials. In the ceramic or solid state process, the

constituent oxides, carbonates, oxalates, etc., are weighed in the required stoichiomet-

ric ratio and are mixed thoroughly using a mortar and pestle with the help of a mixing

medium [1, 3, 4]. After thorough grinding, the ground dry powder is pre-calcined at a

higher temperature. After the pre-calcination, the resulting powder is ground again and

is repeatedly fired at elevated temperatures, with intermediate grindings, till the desired

compound is obtained. Many a times the powder is compacted in the form of a pellet

to ensure better reactivity between the constituents. In the present work cobalt ferrite

and Mn substituted cobalt ferrites have been prepared from Fe2O3, CoCo3 and MnO2.

Stoichiometric amounts of these starting materials were mixed with the help of acetone

as the mixing medium. The dry mixed powders were first pre-calcined at 1000 ◦C for 12

hours and then furnace cooled. The resulting powders were then ground at then again

heated at 1000 ◦C for 24 hours and 1100 ◦C for 72 hours with intermediate grinding after

every 24 hours of heating.

2.2.2 Ball Milling

Ball milling is an important method for the preparation of materials both for the in-

vestigation of fundamental physical properties and for a number of possible commercial

applications [5]. Ball mills rotate around a horizontal axis, partially filled with the mate-

rial to be ground plus the grinding medium. Different materials are used as the medium,

including ceramic balls, flint pebbles and stainless steel balls. An internal cascading effect

reduces the material to a fine powder. The amount of milling determines the particle size

distribution which in turn affects the material homogeneity and the final microstructure
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after sintering [6]. In the present study, cobalt ferrite powder was prepared using cobalt

carbonate and iron oxide as starting materials. Stoichiometric amounts were weighed and

properly mixed in a ball mill for 24 h, using acetone as the mixing medium. Stainless steel

balls with diameter 20 mm were used. This mixed powder was then preheated at 1000

◦C for 12 h and again heated for 12 h after an intermediate grinding. Final heating was

performed in a programmable furnace at 1100 ◦C for 72 h with 2 intermediate grindings

after every 24 h. The final powder obtained was balled milled for 8 h in order to reduce

the particle size of the ferrite powder. Ball milling was performed using stainless steel

balls in a plastic container with distilled water as milling medium. The milled powder

was further sieved through 100 and 200 mesh sieves and used for further characterization

and sintering studies.

2.2.3 Low-Temperature Methods

Glycine-Nitrate Autocombustion Method

Apart from the conventional ceramic method, the materials in the present study were

also synthesized by the low-temperature routes such as the autocombustion method of

synthesis involving the metal nitrates as oxidizing reagents. The combustion method

is very useful for synthesizing homogeneous materials at very low temperatures. The

autocombustion process of synthesis offers several distinct advantages over other methods

of synthesis. It ensures the mixing of metal ions at a molecular level thereby leading

to homogeneous powders. Also, shorter reaction times, low temperatures involved, large

scale synthesis, high phase purity, fine particle nature of the products obtained, are some

of the salient features of this method. In the combustion method fuels like glycine, urea,

citric acid, hydrazine, glycerol, etc, are used along with oxidizing agents such as metal

nitrates [7–15]. The amino acid, glycine plays two major roles in the synthesis. Firstly, it

forms a complex with metal ions involved, acting as a bidentate ligand. The two different

end groups i.e., the carboxylic group and the amino group can be utilized for complex

formation. The zwitterionic character of glycine allows effective complexation with metal
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ions of varying ionic size. Also it enhances the solubility of metal ions thereby avoiding

selective precipitation when water is evaporated. The method is actually self-sustainable

after the reaction is initiated and owing to the exothermic nature of the reaction, high

internal temperature ensures the crystallization and formation of the oxides [7, 16, 17].

The complete combustion reaction for the divalent and trivalent metal nitrates can be

represented as shown in equations 2.1 and 2.2 respectively.

M(NO3)2 +
10

9
C2H5O2N = MO +

20

9
CO2 +

25

9
H2O +

14

9
N2 (2.1)

2M(NO3)3 +
30

9
C2H5O2N = M2O3 +

60

9
CO2 +

75

9
H2O +

42

9
N2 (2.2)

The substituted perovskite manganites studied in the present work as well as cobalt

ferrite were synthesized by the glycine-nitrate autocombustion method. For the synthesis

of oxides, stoichiometric quantities of the corresponding metal nitrates were individually

dissolved in minimum amount of distilled water. The metal to glycine ratio was main-

tained as 1:2. The solutions of the respective metal nitrates and glycine were mixed

together in a large crystallizing dish. The final mixed solution (in the crystallizing dish)

was kept over a hot plate for evaporation and autocombustion, at a temperature of ∼200

◦C. A viscous gel formed at the bottom of the dish after the complete evaporation of wa-

ter subsequently underwent autocombustion producing a fluffy mass within few seconds

(as-synthesized product). The obtained powder was then used for different studies.

Coprecipitation Method

This method is a precursor method for the formation of oxides, in which metal ions

(usually nitrates or chlorides of corresponding metal ions) are precipitated together as

decomposable salts by adding excess of precipitating reagent. The aqueous solution of

metal ions can be precipitated in the form of hydroxides, oxalates, carbonates, etc. This

method ensures the molecular level mixing of the starting components and lead to smaller

sized particles. The precipitate after thorough washings can be thermally decomposed at
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a relatively lower temperature to give the corresponding oxides. The uniform mixing

during precipitation reduces the temperature for the diffusion of ions during the solid

state reaction. The advantages of coprecipitation method are its ability to deliver products

having greater homogeneity, greater reactivity, high purity, fine particle size along with

the elimination of higher temperatures required for calcining. In the present work, the

synthesis of cobalt ferrite powder was carried out using cobalt and iron nitrates taken in

the stoichiometric ratio and dissolved in distilled water. 20% KOH solution was added

drop wise to this solution under constant magnetic stirring. A precipitate formed was

filtered and washed several times with distilled water until the pH of the filtrate was ∼7.

The precipitate was dried overnight in an oven at 100 ◦C which eventually converted to

a black powder.

Citrate Method

The citrate gel method is commonly used for the synthesis of oxides. In this method

the soluble metal salts are used and citric acid is used as a complexating agent. For the

synthesis of cobalt ferrite using the citrate precursor method, stoichiometric amounts of

metal nitrates were dissolved in distilled water. Water solution of citric acid was added to

the mixed metal ions solution keeping the metal to citric acid ratio as 1:2. The solution

was evaporated on a water bath and finally a thick gel was formed. This precursor was

dried overnight in an oven at 100 ◦C and the dried precursor was calcined at 500 ◦C for

4 hours to get the cobalt ferrite powder.

2.3 Characterization and Measurement Techniques

2.3.1 Powder X-Ray Diffraction

The materials studied in the present work have been phase identified by the powder X-ray

diffraction (XRD) method. X-ray diffraction is the most important and useful technique

in the field of solid state chemistry. Powder XRD is used to determine the structure of

the crystalline materials without the need for large single crystals. The XRD pattern is
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the finger print of a crystalline material [18, 19] as this technique gives information on

the structure, phase and purity of a material. The Bragg’s law is used widely to treat

diffraction from crystals. The Bragg’s law is given as

nλ = 2dsinθ (2.3)

where d is the spacing between two adjacent lattice planes, λ is the wave length of the

X-radiation, n is an integer (=1) and θ is known as the diffraction angle or Bragg’s

angle [18].

It is known that the width of a diffraction peak increases when the crystallite size

is reduced below a certain limit (< 100 nm). Therefore, XRD patterns can be used to

estimate the average size of very small crystallites, from the measured width of the peaks

in the diffraction patterns. The commonly accepted formula for the determination of

crystallite size from XRD line broadening is the Scherrer formula [18],

t =
0.9λ

βcosθB

(2.4)

where t is the thickness of the crystallites (in Å), λ is the X-ray wavelength, θB is the

diffraction angle and β is the width of the diffraction peak. Generally, there will be

a contribution to line broadening from the instrument due to various factors and this

natural line width is corrected as

β2 = β2
M − β2

S (2.5)

where βM is the measured peak width at half peak height and βS is the contribution

from the instrumental line broadening, in radians. βS is obtained from the width of the

XRD pattern of a standard bulk material. The thickness of the crystallite or the average

crystallite size t is generalized as the average particle size in the following chapters.

In the present study, the phase analysis of the samples was carried out using a Philips

PW 1830 diffractometer, and using Ni-filtered Cu Kα radiation. The wavelength of Cu

Kα radiation is 1.5418 Å. The diffractometer was calibrated with reference to standard Si
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wafer. For the general phase analysis the scan rate used was 4 ◦/minute. The lattice para-

meters and d -spacings were calculated using the computer programs, Powder Diffraction

Package (PDP) [20] and PowderCell for Windows (PCW) [21].

2.3.2 Transmission Electron Microscopy (TEM)

Transmission electron microscopy (TEM) is an imaging technique whereby a beam of

electrons is focused onto a specimen causing an enlarged version to appear on a fluorescent

screen or a layer of photographic film, or to be detected by a CCD camera. TEM operates

on the same basic principles as the light microscope but uses electrons instead of light.

Virtually, TEM is useful for determining size, shape and arrangement of the particles

which make up the specimen. Moreover, it is highly useful for determination of the lattice

planes and the detection of atomic-scale defects in areas of few nanometers in diameter

with the help of selected area electron diffraction (SAED) technique [22, 23]. The d -

spacing between lattice planes of crystalline materials can be calculated from a SAED

pattern using the relationship,

dr = λL (2.6)

where L is the distance between the specimen and the photographic plate, λL is known

as the camera constant and r is the radius of diffracted rings. It is easy to measure r

directly from the photographic plate, and λL can be established from the instrument by

calibrating it with a standard material (usually Ag), and hence one can easily get d values.

Since each d value corresponds to a specific lattice plane for a specific crystal structure,

a minimum description of the crystal structure of a crystalline specimen can be obtained

from a SAED pattern. In some cases, SAED pattern is more helpful as compared to XRD,

due to the limited detection limit of XRD instruments.

In the present work, the TEM measurements were performed on a Jeol model 1200

EX instrument operating at 120 kV, camera length of 80 cm and field limited aperture of

100 µm. Prior to TEM measurements, the samples were dispersed in a suitable organic

solvent (isoamyl acetate, acetone, toluene, etc.) and a drop of the solution was poured
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on carbon-coated TEM grids. The film formed on the TEM grids was allowed to dry for

2 minutes following which the extra solvent was removed using a blotting paper and the

TEM measurements were performed.

2.3.3 Scanning Electron Microscopy (SEM)

The scanning electron microscope (SEM) is a very useful instrument to get information

about topography, morphology, composition and microstructural information of materials.

It is a type of electron microscope capable of producing high resolution images of a sample

surface. Due to the manner in which the image is created, SEM images have a charac-

teristic three-dimensional appearance and are useful for judging the surface structure of

the sample. The SEM has compensating advantages, including the ability to image a

comparatively large area of a specimen and the ability to image bulk materials [24]. SEM

images are much easier to interpret than TEM images, and many SEM images, beyond

their scientific value, are actually beautiful. Particle topology of the powder samples and

microstructure of the sintered samples in the present study were obtained using a Leica

Stereoscan-440 scanning electron microscope. For the analysis of a powder sample’s mor-

phology, the sample powder was spread on an Al holder using isoamyl acetate. On the

other hand, sintered pellets were fractured to expose the inner portion and mounted on

a specimen mounting stub. Silver paste was used to connect the sample to the sample

holder for electrical conduction. A thin layer of gold was coated on the surface of the

sample to avoid charging of the specimen.

2.3.4 Thermo-Mechanical Analysis

Thermo mechanical analyzer (TMA) is an instrument used to measure thermo mechanical

characteristics such as thermal expansion, thermal contraction, and softening of various

materials. Moreover, this technique is highly useful to measure the stress and strain

of polymers. TMA provides measurement of penetration, expansion, contraction and

extension of material as a function of temperature. It consists of a probe connected
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Figure 2.1: Schematic diagram for a Thermo-Mechanical Analyzer.
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mechanically to the core of a linear variable differential transformer. The core is coupled

to the sample by means of a quartz probe that contains a thermocouple for measurement

of sample temperature. Any movement of the sample is translated in to moment of

transformer core and result in a output signal, proportional to the displacement of the

probe. In the penetration and expansion modes, the sample rests on a quartz stage

surrounded by a furnace. Under no load, expansion with temperature is observed. We

can calculate the coefficient of linear expansion from the slope of the resulting curve.

A weight tray attached to the upper end of the probe allows a predetermined force to

be applied to the samples to study variation under load. Probes with small tip and

loaded with weight tray are used for sensitive detection of softening temperature and

glass transition. Larger tip diameters and zero loading are used in the expansion mode.

Sample sizes usually range from few microns of coating to ∼1 cm thick solid.

In the present study, a Perkin-Elmer instrument, Pyris Diamond TMA (Thermal

Mechanical Analyzer) was used to study the sintering behavior of the ferrite samples

in terms of rate of liner shrinkage as a function of temperature. The temperature range

employed is 30 ◦C to 1475 ◦C (the actual sample temperature attained was 1350 ◦C)

at a heating rate of 10 ◦C/min. An alumina rod was used as the TMA probe. A thin

sample pellet (∼5 mm) was kept inside an alumina sample tube on an alumina plate

and a constant force, 100 mN, was applied to it. An independently connected linear

voltage differential transformer (LVDT) and core detected the changes in sample length

as a function of temperature.

2.3.5 Mössbauer Spectroscopy

The Mössbauer spectroscopy technique is being used in many analytical, biological, geo-

logical and engineering research areas [25,26]. It is a branch of spectroscopic study, where

resonant absoption of γ rays by the nuclei of atoms of a sample is studied. The Mössbauer

spectroscopy is used as a fingerprint technique in mineralogy and geochemistry. More-

over, the existence of chemically, crystallographically or magnetically inequivalent sites

are generally revealed by the appearance of distinct components arising from the different
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absorption peaks in a Mössbauer spectrum. There are basically two types of information

that can be derived from a Mössbauer spectrum. The relative and absolute line ener-

gies are determined by electronic effects on the nuclear energy levels. These effects are

generally lumped together as ‘hyperfine parameters’ and they are the isomer shift (or

chemical shift, IS ), electric quadruple hyperfine interaction (quadruple splitting, QS ),

and magnetic dipole hyperfine interaction (or magnetic hyperfine field, HMF ) [26].

The room temperature Mössbauer spectra of the Fe substituted lanthanum manganite

samples in the present work were obtained using an Austin Scientific Associates S-600

Mössbauer spectrometer coupled to a Canberra-95 multichannel analyzer. A Co57 in Rh

matrix was used as the Mössbauer source. The spectrometer was calibrated with natural

iron foil. The isomer shift is reported with respect to Fe metal and the data were analyzed

using a standard computer program.

2.3.6 Infrared spectroscopy

The atoms in a molecule do not remain in a fixed relative position and vibrate about

some mean position. Due to this vibrational motion if there is a periodic alternation in

the dipole moment then such mode of vibration is infrared (IR) active. The IR region of

the electromagnetic spectrum is 100 to 1 µm wavelength. The vibrating molecule absorbs

energy only from radiation with which it can coherently interact, i.e. the radiation of its

own oscillation frequency. The appearance or non-appearance of certain bands in an IR

spectrua at certain vibrational frequencies gives valuable information about the structure

of a particular molecule. The frequency of vibration is given by the relation

ν =
1

2π

√
k

µ
(2.7)

where k is force constant and µ is reduced mass.

In the present work, the IR studies were carried out on the manganite samples using

a Perkin Elmer Spectrum-One FTIR Spectrometer in the frequency range 400 to 4000

cm−1 by properly mixing the sample with spectroscopic grade KBr.
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2.3.7 Electron Paramagnetic Resonance

When unpaired electrons exist in a substance, their spins are aligned at random in the

absence of a field. When placed in a magnetic field , however, they will each have a

preferred direction and, since the spin quantum number of an electron is 1/2 each can

be thought of spinning either clockwise or anticlockwise about the field direction. EPR

spectroscopy essentially measures the energy required to reverse the spin of an unpaired

electron. This energy difference between the two spin states ms = +1/2 and ms = -1/2

corresponds to the frequencies in the microwave region. Thus, for a particular applied

field strength, the absorption of microwave radiation of a particular frequency results

in the resonance. However, in a typical EPR spectrometer, the experiments are gener-

ally carried out at a fixed frequency of microwave radiation and varying the magnetic

field. Two common frequencies used are in the X-band range (∼9.5GHz, where a field

strength of approximately 3400 gauss is used) and the Q-band frequency (35GHz, where

a field strength of approximately 12,500 Gauss is employed) [27]. In the present work the

measurements have been carried out using a Bruker ER-200D-SRC spectrometer at the

X-band frequency regime at room temperature.

2.3.8 Density Measurements

Densities of the sintered discs were calculated from the volume (calculated from the mea-

sured diameter and thickness of the discs using a vernier calipers) and the weight of the

discs as well as by the Archimedes method. These two methods gave comparable val-

ues of the densities. The relative density was calculated from the ratio of the measured

density to the theoretical density calculated from the crystal structure parameters. The

theoretical density is calculated from the relation

ρ =
m

V
(2.8)

m =
Z ×M

N
(2.9)
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where M is the molecular weight, Z is the number of formula units per unit cell, N

is Avagadro’s number and V is the volume of the unit cell. For example, the theoretical

density of CoFe2O4 can be calculated as shown below. The molecular weight of CoFe2O4

is 234.63 g. Spinel ferrites have eight formula units per unit cell. Therefore, the molecular

weight of one cell is 8 × 234.63 = 1877.04 g. The volume of a cube of side length is a3.

The cubic unit cell length, a, of CoFe2O4 is 8.38 Å. Therefore, the volume volume of a

unit cell is a3 = 588.48 Å3. 1 Å3 = 10−24 cm3, and therefore, NV = 354.44 cm3.

Density(D) =
Mass

V olume
= 1877.04/354.44 = 5.2957g/cm3 (2.10)

2.3.9 Magnetic measurements

The magnetic characteristics of the different materials as a function of the applied field at

different temperatures and as a function of temperature at different applied field strengths

were measured on a Vibrating Sample Magnetometer (VSM). A VSM is a device in which

a sample is vibrated in an uniform magnetic field, and the induced voltage in a properly

positioned set of coils, which is proportional to the magnetization of the material, is

detected. The instrument allows precise magnetization measurements to be made as a

function of magnetic field strength, temperature, and crystallographic orientation [28,29].

An EG&G PAR 4500 vibrating sample magnetometer was used in the present work.

The magnetometer was calibrated using a standard Ni sample. Field dependance of

magnetization was measured up to a maximum field of ± 15 kOe. For high temperature

measurements, an electrically heated oven was attached to the VSM to heat the sample

above room temperature. Here, a constant magnetic field is applied and the magnetization

is measured by varying the temperature at a constant heating rate of 2 ◦C/min.

A closed cycle helium cryostat was used for low temperature measurements (12-300

K). The sample holder used for room temperature and low temperature measurements is

made of a non-magnetic polymer material, Kel-F (poly(cholorotriflouro)ethelene). For the

zero field cooled (ZFC) measurements, the sample was first cooled to the lowest possible

temperature (12 K) in zero magnetic field and magnetization was recorded while warming
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Figure 2.2: Schematic diagram of the VSM components.
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Figure 2.3: Schematic diagram of a strain gage.

the sample. In the field cooled (FC) magnetization measurements, the sample was cooled

under an applied field and the magnetization was measured while heating in the same

field.

Magnetostriction measurements

There are a number of methods available for the measurement of magnetostriction and

continuous investigation in this field is still giving rise to new methods. Magnetostriction

can be measured by direct and indirect methods such as by using strain gages, capacitance

transducers and interferometers. The indirect methods are Beckner-Kersten method and

the SMAR i.e. small angle magnetization rotation [30], with variety of techniques such

as, capacitance dilatometry [31–33], direct displacement method, stress dependence of

hysteresis loop [34], laser deflection method [35], etc.
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The most commonly used method for the measurement of magnetostrictive strain is

by uisng strain gages. This method was developed by Goldman [36]. Briss et al. have

shown that strain gages can be successfully used for magnetostriction measurements in

the temperature range -196 to 400◦C [37]. A strain gage is made up of a thin resistive

wire wound back and forth on a polyamide film as shown in figure 2.3. The reason for

running the wire back and forth is to increase the length thereby enhancing the sensitivity

without enlarging the gage unit. The change in resistance of the gage as a function of

applied magnetic is recorded and converted into the magnetostrictive strain by using the

relation
∆L

L
=

∆R/R

G.F.
(2.11)

where L is the initial length of the specimen, ∆ L is the change in length in a magnetic

field, R is the gage resistance at zero applied magnetic field, ∆ R is the change in the gage

resistance at a known applied magnetic field strength and G.F. is the gage factor. Usually

the gage factor is provided by the manufacturer. Wheatstone bridge technique developed

by Sullivan, had the advantage of minimizing the drift and noise in the magnetostriction

measurements [38]. Several researchers have made use of the strain gage technique for

measurements of magnetostriction of ferrites and other magnetostrictive materials. This

technique has been successfully used for measurements of magnetostrictive strains in single

crystals [39] as well as polycrystalline materials.

The samples used for magnetostriction measurements were pelletized into specific

shapes and then sintered. The samples can be either disc shaped pellets or rods as shown

in figure 2.4. In order to check for the contribution from the demagnetization factor, the

magnetostriction measurements were carried out on circular rod shaped specimens with

different dimensional ratios (10 mm dia × 25 mm length, 10 mm dia × 15 mm length and

13 mm dia × 5 mm thickness). The strain gage was mounted on the surface of the pellet

with dimensions 13 mm × 5 mm and on the sides, after grinding the sides and making a

flat surface, for the other two. The gage was mounted with special binding solutions on

polished surfaces. The strain gages used in the present study were obtained from Vishay

Micromeasurements, USA, (gage type EK-09-062-AP, matrix size of 6.6 mm × 4.1 mm,
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Figure 2.4: Different shapes of cobalt ferrite samples used for magnetostriction measure-
ments.

gauge size 2.90 mm × 1.57 mm). The calibration of the strain gage was carried out by

measuring the magnetostriction of Ni metal. Measurements were made on a non-magnetic

ceramic dis as well as on a brass disc of size and shape similar to the sample pellets to find

the contribution from the magnetoresistance of the gage and was found to be negligible up

to a maximum magnetic field strength of 10 kOe. The gage resistance was measured using

a wheatstone bridge arrangement as well as by using four probe resistance measurement

using a Keithley 2010 multimeter. The measured magnetostriction values were found to

be almost the same for different sized specimens by using the two different resistance mea-

surement techniques. Therefore, for ease of measurements, the pellet shaped specimens

were used and the size of the specimen was kept constant at 13 mm × 5 mm. Also, the

multimeter technique for measuring the resistance was used for all samples.

Magnetostriction measurements were carried out on both parallel(λ‖) and perpendic-

ular (λ⊥) to the direction with respect to the applied magnetic field. The volume and

anisotropic magnetostrictions were calculated using the relations ω = λ‖ - λ⊥ and λt =

λ‖ + 2λ⊥.
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Chapter 3

Magnetostriction Studies on
CoFe2O4

3.1 Introduction

The magnetic and electrical properties of ferrites are sensitive to the changes in their

chemical composition as well as microstructure, which are greatly influenced by the man-

ufacturing process [1, 2]. For example, controlling the grain size has a larger impact on

the magnetic permeability and power loss in the case of Mn-Zn and Ni-Zn ferrites [2].

Different processing parameters such as use of external additives during sintering, heating

rate, cooling rate, sintering time and sintering atmosphere, affect the performance of these

materials [3]. It is known that the sintering behavior of the ferrite is considerable affected

by the particle size of the starting powders. The particle size in the starting powders

can be reduced to sub-micron or nanosized levels by using ball milling technique [4, 5]

or by employing different low temperature methods of syntheses [6, 7]. The sintering

behavior of powders containing sub-micron or nanoparticles is different as compared to

their bulk counterparts. Nanosized ferrite particles have more sinterability due to their

fine particle nature as well as the high surface to volume ratio [8, 9]. The sintered prod-

ucts derived from nanocrystalline ferrite powders exhibit improved magnetic permeability

which depends on the microstructure, density, porosity, grain size, etc., as compared to

the materials sintered from the bulk counterparts [2, 8, 10].

Magnetostriction studies on ferrimagnetic spinels have been initiated in the 1950s
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[11–16]. Domenicali has studied the magnetostriction of magnetite in order to study

the crystallographic transitions at low temperature [11]. Bickford et al. have analyzed

the magnetostriction behavior of magnetite and cobalt substituted magnetite [14], and

showed that polycrystalline cobalt containing magnetite exhibits very high strains. The

magnetostriction constants of single crystals of MFe2O4, where M stands for Mn, Fe, Co,

Ni, and Zn in various proportions, have been determined by Bozorth using the method of

strain gages [15]. These studies were mainly oriented towards understanding the effect of

material anisotropy, crystal symmetry, and magnetic annealing on the magnetostriction

constants of spinel ferrites.

Amongst the spinel ferrites, cobalt ferrite shows very high value of magnetostrictive

strain [17]. There is a recent interest in the studies of cobalt ferrite based magnetostrictive

materials mainly because of the possibility of using these materials for stress sensing

applications. Though the magnetostrictive properties of bulk cobalt ferrite prepared by

the conventional method has been studied in detail, there is a need to understand the

effect of different processing parameters such as the processing conditions, microstructure,

sintering aids on the magnetostrictive behavior of cobalt ferrite. In all the reported work

on the magnetostriction studies on polycrystalline cobalt ferrite, the material is sintered

at a high temperature of 1400 ◦C and above and there is no information available on

the relationship between sintering conditions, microstructure and magnetostriction. Also,

there are no systematic studies performed to understand the effect of sintering temperature

on the magnetostrictive properties of cobalt ferrite.

The current research interest in nanosized cobalt ferrite based materials is mainly

due to the potential applications in high-density information storage and magneto-optical

devices, because of their strong anisotropy, high saturation magnetization and coerciv-

ity [18, 19]. Apart from the conventional ceramic method of synthesis and ball milling

process [20–22] which give sub-micron sized particles, cobalt ferrite can be prepared by

a variety of low temperature wet chemical methods, such as coprecipitation [23–25], sol-

gel [26–28], micro-emulsion [29–31], oxalic acid precursor [32], urea as precursor [33], com-

bustion synthesis [34, 35], complexometric synthesis [36], hydrothermal synthesis [37, 38],

redox process [39], and many more as reported in the literature [40–42]. However, the mag-

netostriction behavior of cobalt ferrite sintered using powders synthesized in the nanocrys-
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talline form has not been studied so far. It is expected that such studies will help in

optimizing the processing parameters for developing magnetostrictive materials based on

cobalt ferrite.

The objective of this work is to understand the effect of processing conditions on the

magnetic and magnetostrictive behavior of cobalt ferrite.

3.2 Preliminary Studies on CoxFe3−xO4

Previous studies on polycrystalline samples of cobalt ferrite CoxFe3−xO4 for x < 1 have

shown that maximum magnetostriction decreases with decreasing Co content. A max-

imum magnetostriction value of 110 ppm is reported for compositions close to x = 1

in the series [13]. In the present work, different compositions are prepared with higher

Co content in order to understand the effect of Co on the magnetostriction in the series

CoxFe3−xO4 and identify the compositions exhibiting maximum value of magnetostric-

tion. These studies are performed to select the compositions for further detailed studies.

The compositions in the series CoxFe3−xO4 (x = 0.8, 1.0, 1.1, 1.2 and 1.3) were synthe-

sized by the conventional ceramic method of synthesis. The synthesis was carried out

on a small scale (15 gm batch) using iron oxide and cobalt carbonate as starting materi-

als. These starting materials were mixed together in an agate mortar using acetone as a

mixing medium. The mixture was initially calcined at 1000 ◦C for 12 h and further heat

treatments were carried out at 1000 ◦C for 12 h and 1100 ◦C for 48 h with intermediate

grinding after 24 h.

3.2.1 Powder XRD Analysis

The phase purity of the different compositions was analyzed using powder X-ray diffrac-

tion. Figure 3.1 shows the XRD patterns of the compositions with x = 1.0. 1.1 and

1.2. The XRD patterns of the samples are compared with the simulated pattern CoFe2O4

in the figure. All the samples show the formation of spinel type phase confirming the

formation of the desired compositions. The cubic lattice parameter is found to slightly

decrease with increasing cobalt concentration. Similar decrease in the lattice parameter

has been reported for different compositions in the CoxFe3−xO4 series synthesized by the

conventional ceramic and low-temperature methods [43,44].
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Figure 3.1: Powder X-ray diffraction patterns for the samples in the CoxFe3−xO4 series.
The simulated pattern is shown and indexed for comparison.

3.2.2 TMA Analysis

The sintering behavior of the compacted powders is studied using a thermal mechanical

analyzer. The samples were used in the form of thin discs and heated at a constant heating

rate of 10 ◦C/min up to a maximum temperature of 1350 ◦C. The sintering curves of three

different compositions are compared in Figure 3.2. All three compositions show almost

identical sintering behavior. As can be seen from the figure, effective sintering starts

above 1000 ◦C and sintering is not completed even at the maximum studied temperature

of 1350 ◦C. Hence the final powders were pressed in to the form of disc shaped pellets

and sintered at 1100 ◦C for 8 h for microstructure and magnetostriction measurements.

The densities of the sintered pellets were measured and were found to be close to 85% of

the X-ray density of the corresponding compositions. The SEM photograph of CoFe2O4

sintered at 1100 ◦C shown in figure 3.5 suggests a very porous microstructure with very

small grains. It is obvious that the material is not sintered properly after sintering at

1100 ◦C for 8 h.
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Figure 3.2: Sintering behavior for the samples in the CoxFe3−xO4 series.

3.2.3 Magnetic Measurements

The field dependence of magnetization up to a maximum magnetic field of 15 kOe, mea-

sured at room temperature, is shown in figure 3.3. Maximum magnetization at 15 kOe

is observed for the composition with x = 1.0 and is about 84 emu/g which is found to

be in agreement with the values reported of bulk cobalt ferrite at room temparture [45].

With increasing cobalt concentration, the saturation magnetization is decreased. The de-

crease in the saturation magnetization is expected because of the lower magnetic moment

of Co2+ (3 µB) as compared to that of Fe3+ (5 µB). Similarly, the coercivity is found

to increase with increasing cobalt concentration, indicating increase in the anisotropy of

these compositions which can be attributed to the presence more number of Co2+ ions.

3.2.4 Magnetostriction Studies

The magnetostriction curves of the different compositions recorded up to a maximum

magnetic field strength of 6.0 kOe are shown in figure 3.4. The measurements were

performed in the direction of the applied magnetic field (λ‖) and the values are negative.

Small and positive values were obtained when measured in the perpendicular direction
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Figure 3.3: Room temperature magnetization curves for the samples in the CoxFe3−xO4

series.

Figure 3.4: Magnetostriction measured in the direction parallel to the applied field for
different compositions in the CoxFe3−xO4 series.
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(λ⊥). As can be seen from the figure, maximum value of magnetostriction is obtained

when 1.0 ≤ x ≤1.2. Maximum strain of ∼110 ppm is observed for the compositions with

1.0 ≤ x ≤ 1.2. The smaller values of magnetostriction observed here as compared to

the recent reports on CoFe2O4 (225 ppm) [46, 47] may be due to the difference in the

processing conditions of these compositions. In the present case the powders are sintered

at 1100 ◦C for 8 h and are found to be much more porous. Similarly the TMA analysis also

revealed that higher sintering temperatures are required in order to have a material with

sufficiently large compact density. Cobalt ferrite is sintered at a very high temperature

of around 1450 ◦C in the recent reports [46, 47]. Therefore, for further magnetostriction

studies the samples were sintered at 1450 ◦C.

3.3 Studies on CoFe2O4

The preliminary studies showed that maximum magnetostrictive strains are observed for

1.0 ≤ x ≤1.2 in the CoxFe3−xO4 series. Since the initial studies indicated that higher

sintering temperatures might be required to properly sinter the samples, the composition

with x = 1.0 is sintered at a higher temperature of 1450 ◦C, for 10 minutes, as reported by

McCallum et al. [46]. The magnetic and magnetostrictive properties of this composition

are further studied in detail.

3.3.1 Microstructural Analysis

The SEM photographs of CoFe2O4 sintered at 1100 ◦C for 8 h, used in the initial studies,

and the one sintered at 1450 ◦C for 10 minutes are compared in figure 3.5. Micrograph

(A) shows the compact sintered at 1100 ◦C and micrograph (B) shows the one sintered

at 1450 ◦C. As can be clearly seen from these photographs, the material sintered at 1450

◦C shows a comparatively dense microstructure as compared to the compact sintered at

1100 ◦C for 8 h. Micrograph (A) shows a very porous microstructure and no grain growth

is observed. Sintered density close to 90% of the theoretical density is obtained after

sintering at 1450 ◦C where as it was only 85% for the material sintered at 1100 ◦C. A

very recent report on the sintering studies on cobalt ferrite indicated that temperatures

higher than 1400 ◦C are required for proper sintering of cobalt ferrite [22].
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Figure 3.5: Comparison of the SEM photographs for the composition CoFe2O4 sintered
at 1100 ◦C for 8 hours (A) and 1450 ◦C for 10 minutes (B).

3.3.2 Magnetic Measurements

The field dependence of magnetization, recorded at room temperature, for the powder

and the sample sintered at 1450 ◦C are shown in figure 3.6. The sintered sample shows a

slightly enhanced magnetization as compared to the powder sample and a smaller coercive

field. The inset of the figure shows the temperature dependence of magnetization recorded

in a magnetic field strength of 50 Oe for the sintered sample. The Curie temperature is

obtained as 520 ◦C which is in agreement with the value reported in the literature for

cobalt ferrite [48].

3.3.3 Magnetostriction Studies

The room temperature magnetostriction curve of the CoFe2O4 sample sintered at 1450 ◦C

is shown in figure 3.7. The measurement is carried out up to a maximum magnetic field

strength of 10 kOe at room temperature. Measurements were made in the parallel (λ‖) as

well as the perpendicular (λ⊥) directions with respect to the applied magnetic field. As

can be seen from the figure, magnetostriction in the parallel direction (λ‖) is improved

to a maximum value of ∼140 ppm as compared to the value of 113 ppm observed for the

sample sintered at 1100 for 8 h in the initial studies on CoFe2O4. Therefore, for further
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Figure 3.6: Field dependence of magnetization for the powder and sintered cobalt ferrite.
The inset shows the M-T curve recorded for the sintered sample.

Figure 3.7: Magnetostriction curves of CoFe2O4 sintered at 1450 ◦C for 10 minutes,
measured in the parallel and perpendicular directions.
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studies on nanosized cobalt ferrite, the sintering temperature was kept the same as 1450

◦C.

3.4 Studies on Nanosized CoFe2O4

The magnetic properties of ferrites change drastically when synthesized in the nanocrys-

talline form when compared to their bulk counterparts. Also, the sintering behavior of

the nanosized powder particles is expected to be different when compared to the bulk

materials. As has been mentioned in the introduction of this chapter, cobalt ferrite can

be synthesized in the nanosized form by many different methods. As discussed, sintered

products from nanocrystalline powders are known to show improved permeability and loss

factor. However, not much efforts have been made to understand the effect of particle

size of the starting powder on the magnetostrictive properties of the ferrites. To com-

pare the magnetic and magnetostrictive behavior of sintered cobalt ferrite derived from

nanocrystalline powders, the powders are synthesized by three different low-temperature

routes. The results are then compared with the sintered material derived from the powders

synthesized by the conventional ceramic method.

3.4.1 Synthesis

The synthesis methods employed for obtaining the nanoparticles are described below.

The synthesis was carried out using three different low temperature methods of synthesis

i.e. the coprecipitation method (CPP), citrate precursor route (CIT), and the glycine

nitrate combustion route (GNP). The experimental procedures used for the synthesis are

as follows. For the synthesis of cobalt ferrite by the different methods, all the required

chemicals used were of AR grade.

Autocombustion Method

The autocombustion process of synthesizing metal oxides using the corresponding metal

nitrates as the oxidizer and glycine as the fuel, known as the glycine-nitrate process

(GNP) [49], is used here. For the synthesis of cobalt ferrite, stoichiometric quantities of

the corresponding metal nitrates Fe(NO3)3.9H2O and Co(NO3)2.6H2O were individually
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dissolved in minimum amount of distilled water. The metal to glycine ratio is maintained

as 1:2, as reported [49]. The solutions of the respective metal nitrates and glycine were

mixed together in a large crystallizing dish. The final mixed solution (in the crystallizing

dish) was kept over a hot plate for evaporation and autocombustion, at a temperature of

∼200 ◦C. A viscous gel formed at the bottom of the dish after the complete evaporation of

water subsequently underwent autocombustion producing a fluffy mass within few seconds

(as-synthesized product). The obtained powder was then used for different measurements.

Citrate Precursor Method

For the synthesis using the citrate precursor method (CIT), stoichiometric amounts of

cobalt nitrate and ferric nitrate were dissolved in distilled water. Water solution of citric

acid was added to the metal ion solution keeping the metal to citric acid ratio as 1:2 [50]

The solution was evaporated on a water bath and finally a thick gel was formed. This

precursor was dried overnight in an oven at 100 ◦C and the dried precursor was calcined

at 500 ◦C for 4 hours to get the cobalt ferrite powder.

Coprecipitation Method

In the coprecipitation method (CPP), cobalt and iron nitrates were taken in the stoichio-

metric ratio and dissolved in distilled water and mixed together. 20% KOH solution was

added drop wise to this solution under constant magnetic stirring. A precipitate formed

was filtered and washed several times with distilled water until the pH of the filtrate was

∼7. The precipitate was dried overnight in an oven at 100 ◦C which eventually converted

to a black powder.

3.4.2 Powder XRD Analysis

The Powder XRD patterns for the samples synthesized by the three different methods are

shown in figure 3.8. The XRD pattern for the sample synthesized by the standard ceramic

route is also shown for comparison. All the reflections in the XRD patterns correspond to

that of cobalt ferrite and no additional reflections are observed for the samples indicating

the phase purity of the samples. The reflections of the samples synthesized by the citrate

and coprecipitation methods are very broad and that of the sample synthesized by the
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Figure 3.8: X-ray diffraction patterns of the samples synthesized by the low-temperature
routes along with the one synthesized by the ceramic process.

combustion method are broader than that of the the sample prepared by the ceramic

route, indicating the presence of smaller crystallites in the low-temperature synthesized

powders.

The average crystallite size is calculated using the Scherrer formula. The crystallite

sizes calculated are 12, 15 and 45 nm for the samples synthesized by coprecipitation,

citrate and combustion methods, respectively. Kikukawa et al. also reported compa-

rable crystallite size for cobalt ferrite particles synthesized by the GNP method for a

glycine:natrate ratio closer to 0.5 [35]. The larger crystallite size observed for the com-

bustion synthesized sample is likely to be due to the very high flame temperature, which

may lead to growth of the particles during the combustion process. Temperatures as high

as 1500 ◦C may be reached during the combustion process involving glycine as a fuel [49].

3.4.3 TMA Analysis

The sintering curves of the samples prepared by the different low-temperature methods are

shown in figure 3.9. The sintering process of the compacts derived from nanocrystalline

powders is expected to be different from that derived from the micron sized particles
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Figure 3.9: Sintering behavior of cobalt ferrite prepared by different methods.

derived by the ceramic method because of the high surface energy and larger surface

area associated with the nanoparticles [51, 52]. Hsu et al. reported that the samples

of NiCuZn ferrite synthesized by chemical coprecipitation method can be sintered at a

relatively low temperature of around 800 ◦C [51]. Yue et al. have studied the sintering

behavior of MgZnCu ferrite prepared via sol-gel combustion process and found that the

ferrite material can be sintered at a relatively low temperature of 950 ◦C [52]. As is evident

from figure 3.9, the sintering behaviors of the samples synthesized by the coprecipitation

(CPP) and citrate (CIT) methods are some what different from the ones synthesized

by combustion and ceramic methods. The sintering process in the case of CPP and

CIT samples starts at 700 ◦C and effective sintering takes place above 1300 ◦C. For the

combustion synthesized sample, the sintering behavior is almost identical with that of

the bulk sample. Although the crystallite size calculated from the XRD data is 45 nm

for this sample (also TEM studies showed the presence of nanometer sized particles, see

figure 3.11) the sintering behavior is not that expected. This unexpected behavior can

be explained based on the synthesis conditions. During the combustion process the local

temperatures can be very high. According to Chick et al., the internal temperatures
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during the combustion process can reach as high as 1500 ◦C depending upon the molar

ratio of nitrates and glycine used [49]. In the present case 2 moles of glycine is used per

mole of metal ions. The ratio is close to a glycine/nitrate ratio of 0.5 in which case the

flame temperature will be very high. This high temperature generated during a short

time makes the particles more sintered and hence the surface of the particles become

non-active, as in the case of the ceramic samples, although the particle sizes are smaller.

Similar sintering characteristics have been reported for oxide ceramics synthesized by the

combustion technique using other fuels such as urea [53] or glycine as in the present case

and ceramic samples. For example, Shi et al. have shown that the difference between

the sintering temperature for combustion and ceramic samples is only 60 ◦C, though the

particle size of the combustion synthesized sample is much less than that of the sample

synthesized by using the ceramic method [54].

Since the sintering studies showed that the samples are not completely sintered up to a

maximum studied temperature of 1350 ◦C (see figure 3.9), for comparison of the properties

of the sintered samples, all the four samples were sintered under identical conditions at

a temperature of 1450 ◦C for 10 minutes. The densities of these sintered pellets are

measured by measuring the volume and weight of these disks.

3.4.4 SEM and TEM Analysis

The morphology and particle size of the powders synthesized by the three low temperature

methods are studied using SEM and TEM. For the ceramic sample, particle size is obtained

from the scanning electron micrograph. The SEM photographs of the samples are shown

in figure 3.10. As can be seen from the figure, the powder synthesized by the combustion

method is highly porous. This can be attributed to the generation of large volume of gases

during the combustion reaction which occurs in a very short time [49, 55]. The ceramic

sample shows the presence of micron sized particles, whereas the powders prepared by

the citrate and coprecipitation methods show the presence of very large lumps and they

are found to be agglomerates of small spherical particles.

Since the exact particle size determination was not possible from the scanning electron

micrographs, the TEM images are obtained for the low-temperature synthesized samples.

Figure 3.11 shows the transmission electron micrographs for the low-temperature synthe-
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Figure 3.10: SEM photographs of the powders prepared by (A) citrate method, (B)
coprecipitation method, (C) combustion method and (D) ceramic method.

Figure 3.11: Transmission electron micrographs of cobalt ferrite prepared by (A) citrate,
(B) coprecipitation and (C) combustion methods and (D) SEM photograph of the powder
synthesized by the ceramic method.
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Figure 3.12: SEM photographs of the sintered samples synthesized by (A) citrate, (B)
coprecipitation, (C) combustion, and (D) ceramic methods.

sized samples along with the SEM photograph of the ceramic sample for comparison. The

TEM images reveal the nanoparticle nature of all the low-temperature synthesized sam-

ples. The particles synthesized by the coprecipitation method are highly agglomerated.

The individual particles are of average size of 10 nm. The particles synthesized by the

citrate method have average particle size of around 15 nm. The combustion synthesized

samples show very large agglomerates of particles having sizes above 30 nm. These parti-

cle sizes are comparable to the average crystallite sizes calculated from the XRD patterns.

The average particle size of the sample prepared by the ceramic method is found to be

0.9 µm.

The SEM microstructures of the sintered products obtained from the corresponding

powders are shown in figure 3.12. The SEM images show that there are differences in the

microstructures of the sintered samples. The micrograph C of the combustion synthesized

sample shows the presence of smaller grains whereas the micrograph D of the ceramic

sample looks like a part of bigger grain, in which no clear grains are visible. For the

samples prepared by coprecipitation and citrate methods, clear grains with different sizes

are visible. The grains in the sample prepared by the citrate precursor method are found
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Figure 3.13: Variation of magnetization as a function of temperature (left) and mag-
netic field at room temperature, for the samples synthesized by the low-temperature and
ceramic routes.

to be slightly bigger than that in the sample synthesized using the combustion method

and smaller than those prepared by the coprecipitation method.

3.4.5 Magnetic Measurements

The temperature dependence of magnetization recorded in an applied magnetic field of

50 Oe and the field dependence of magnetization recorded at room temperature for all

the samples are shown in figure 3.13. The saturation magnetization at 15 kOe and the

coercivity of the samples are compared in Table 3.1. All the samples prepared by the

different synthesis routes show almost identical Curie temperature, comparable to the

value reported for cobalt ferrite ∼ 520◦C [48]. The magnetization at 15 kOe for the

sample synthesized by the combustion method is found to be ∼80 emu/gm which is

almost comparable to the value for cobalt ferrite synthesized by glycine-nitrate process

as reported by Kikukawa et al. [35]. It is observed that the saturation magnetization of
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Figure 3.14: Magnetostriction as a function of magnetic field recorded in the parallel
direction to the applied magnetic field.

the powder sample synthesized by the combustion method is almost identical to that of

the sintered products. The coercivity and saturation magnetization of the ceramic and

combustion samples are almost comparable. However, the samples synthesized by citrate

and coprecipitation methods show a reduced value of magnetization of 66.7 and 31.9

emu/gm, respectively. The higher value of magnetization for the combustion synthesized

sample is due to the larger particle size of this sample.

3.4.6 Magnetostriction Studies

Magnetostriction is measured at room temperature up to a maximum magnetic field

strength of 10 kOe in both parallel as well as the perpendicular directions to the ap-

plied magnetic field. The magnetostriction curves recorded for cobalt ferrite prepared

via different synthesis routes in the parallel and perpendicular directions to the applied

magnetic field are shown in figure 3.14 and figure 3.15, respectively. The highest mag-

netostriction is obtained for the sample synthesized by the autocombustion method and

the lowest value is obtained for the sample synthesized by the ceramic method. Cobalt

ferrite prepared by the combustion method shows an enhanced magnetostriction of 197
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Figure 3.15: Magnetostriction as a function of magnetic field recorded in the perpendicular
direction to the applied magnetic field.

ppm. In fact all the samples prepared by the low temperature methods show higher val-

ues of magnetostriction as compared to the sample prepared by the conventional ceramic

method. The magnitudes of the magnetostrictive strains are 197, 184, 159 and 134 ppm

for the cobalt ferrite samples prepared by combustion, citrate, coprecipitation and ceramic

methods, respectively. Apart from the difference in the maximum magnetostriction, the

magnetic field required to achieve the maximum value of the magnetostriction (Hmax),

and the magnetostriction at low magnetic field strengths are also found to be different.

The magnetic field required to achieve the maximum strain is 4.7, 5.5, 3.8 and 6.8 kOe

for the samples synthesized by combustion, citrate, coprecipitation and ceramic methods,

respectively.

The magnetostriction curves recorded in the perpendicular direction (λ⊥) also show

some different behavior. The magnitude of maximum magnetostriction are 71, 94, 85 and

105 ppm for the samples prepared by combustion, citrate, coprecipitation and ceramic

methods, respectively. The field required to achieve these maximum magnetostrictive

strains are also found to be different for all the samples. Though the ceramic sample shows

higher strain in the perpendicular direction amongst all the samples, a magnetic field of
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Table 3.1: Summary of particle size from XRD (dXRD) and TEM (dTEM), Hc, Ms, Per-
centage sintered density (D), grain size (G) and magnitude of maximin magnetostric-
tion λ‖, for the samples synthesized by coprecipitation (CPP), citrate (CIT), combustion
(GNP) and ceramic (CER) methods.

Synthesis Powder Sintered

Method samples samples

dXRD dTEM Ms Hc D G Ms Hc λ‖

(± 1nm) (nm) (emu/g) (Oe) (%) µm (emu/g) (Oe) (ppm)

CPP 12 10 31.9 1022 92 23 80.0 158 159

CIT 15 18 66.7 1490 77 17 81.4 241 184

GNP 45 35 83.5 710 84 8 83.5 206 197

CER – 900∗ 77.0 600 96 > 25 83.7 135 134

* from SEM

4 kOe is required to achieve this value. However, relatively lower magnetic fields of 2.2

and 3.8 kOe are required for the coprecipitation and the combustion synthesized samples,

respectively. The coercivity, magnetization, grain size form SEM and the magnetostrictive

strain observed in the parallel direction are compared in Table 3.1.

A comparison of the different parameters listed in Table 3.1 indicates that there is

no correlation between the magnetostriction and any other parameters, except for the

grain size of the sintered materials. Guillaud has earlier shown that for Co0.76Fe2.24O4,

magnetostriction is independent of density and coercivity [13]. A close comparison of

the magnitude of the observed magnetostrictive strains with the microstructures of the

sintered pellets shows that there is some sort of dependence of magnetostriction on the

microstructure. The sample having the smallest grains show the maximum magnetostric-

tion, and the magnetostriction decreases with increasing grain size. For example, the

sample synthesized by the autocombustion method has a grain size of 8 µm and it shows

the highest value of magnetostriction of 197 ppm, and the ceramic sample having a grain

size larger than 25 µm exhibits the lowest magnetostriction of 135 ppm. The samples

prepared by the citrate and coprecipitation methods have the grain size of 17 and 23

µm and show magnetostriction of 184 and 159 ppm, respectively, thus supporting the

dependance of magnetostriction on the grain size. These results indicate that controlling
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the microstructure is one of the ways to control the magnetostrictive properties of cobalt

ferrite and in order to achieve higher values of magnetostrictive strains the presence of

smaller and uniform sized grains in the sintered product will be helpful.

3.5 Studies on Ball Milled CoFe2O4

The magnetostriction studies performed on sintered cobalt ferrite derived from nanosized

powders showed a strong dependence of magnetostrictive strain on the microstructure of

the sintered compact. These results suggest the need to understand the effects of process-

ing conditions which can control the microstructure of sintered cobalt ferrite. Although

the strain obtained for the sample derived by the combustion method is as high as 200

ppm, the preparation of the nanosized ferrite powders on a larger scale is comparatively

difficult by this method as compared to the reduction of size by the ball milling process.

Ball milling can lead to reduction in the particle size of the materials. Ball milling process

is a very simple technique for the preparation of ultra-fine ferrite particles in large quan-

tities on an industrial scale [56]. Therefore, cobalt ferrite synthesized by the ceramic

process in larger quantities is ball milled to reduce the particle size. The effect of different

parameters such as sintering temperature, dwell time and sintering aids is studied on the

magnetostrictive behavior of the sintered products derived from the ball milled powders.

It was expected that this will help in optimizing the processing parameters for developing

magnetostrictive materials based on cobalt ferrite.

3.5.1 Synthesis

CoFe2O4 was synthesized by the conventional ceramic method. Stoichiometric amounts of

CoCO3 and Fe2O3 were mixed in a ball mill for 24 h. The resulting mixture was calcined

at 1000 ◦C for 12 h and further heated at the same temperature after an intermediate

grinding. This was followed by heating the powder at 1100 ◦C for 72 h with three inter-

mediate grindings. The final powder obtained was balled milled for 8 h in order to further

reduce the particle size. Ball milling was performed using stainless steel balls in a plastic

container with distilled water as milling medium. The milled powder was sieved first

through a 100 mesh and then through a 200 mesh. The sintering behavior was analyzed

using a Thermal Mechanical Analyzer (TMA), in the temperature range of 30 ◦C to 1350
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◦C. Disc shaped pellets were made from the ball milled powder by cold uniaxial pressing

in a stainless steel die and the pellets were then sintered at four different temperatures

(1100, 1200, 1300 and 1400 ◦C for different dwell times of 4 h, 8 h, 16 h and 24 h. The

furnace was heated to the required temperature at the rate of 4 ◦C/min and was cooled

back to room temperature at the same rate after sintering for different dwell times. Den-

sities of the sintered discs were calculated from the volume (calculated from the measured

diameter and thickness of the discs using a vernier calipers) and the weight of the discs

as well as by the Archimedes method. These two methods gave comparable values of the

densities. To study the effect of sintering aids on the microstructure and magnetostric-

tion, pellets were sintered by adding 1% of sintering aids like TiO2, Y2O3 and Nb2O5 to

the ball milled cobalt ferrite powder. The powder as well as the sintered materials were

analyzed for their magnetic, magnetostrictive and microstructural features.

3.5.2 Powder XRD Analysis

The powder XRD pattern of the ball milled cobalt ferrite powder is shown in figure 3.16.

All the reflections correspond to the spinel structure which confirmed the phase purity

of the sample. The lattice constant is obtained by refining the XRD pattern as 8.382 Å,

which is in agreement with the value reported for bulk cobalt ferrite (8.38 Å) [48].

3.5.3 TMA Analysis

Figure 3.17 shows the sintering behavior of the ball milled powder. The sintering curve

for the powder with out ball milling is also shown for comparison. As can be seen from

the figure, the sintering behavior of the balled milled sample shows a different behavior as

compared to the one without ball milling. For the ball milled powder, effective sintering

starts at a lower temperature of of 950 ◦C and continuous linear shrinkage is observed

above 1050 ◦C. The sintering is not complete till the maximum temperature of 1350 ◦C.

Nearly 12% shrinkage is observed till this maximum temperature. Such an incomplete

sintering behavior can be due to the larger particles of cobalt ferrite used in the present

study. The percentage shrinkage observed for the sample is comparable to the recent

report by Rafferty et al. [22]. In order to achieve complete flattening of the sintering

curve, which indicates complete sintering, the particle size has to be reduced to about
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Figure 3.16: Powder XRD pattern of ball milled cobalt ferrite and the simulated pattern
for cobalt ferrite.

Figure 3.17: Sintering behavior of the ball milled powder (solid line) and powder prepared
from standard ceramic technique (dashed line) recorded using TMA. Inset shows the
density of the sintered pellets as a function of temperature.
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Figure 3.18: Scanning electron micrograph of the cobalt ferrite powder ball milled for 8
hours.

2µm [22].

The inset in figure 3.17 shows the variation of the density of the sintered discs as a

function of sintering temperature. The density is expressed as the percentage of theoretical

density of cobalt ferrite (5.296 g/cm3). Lower densities are observed for the samples

sintered at 1100 ◦C. The sample sintered at 1100 ◦C for 4 h shows the lowest density

of ∼74%. The difference between the densities of the samples sintered for 4 h and 24 h

decreases with increasing sintering temperature. However, at a given temperature, the

density initially increases with sintering time and then decreases, so that the maximum

density is obtained for the samples sintered for 8 h. There is not much variation in the

sintered densities with dwell time when sintered at 1400 ◦C. A maximum sintered density

of 93% is obtained for samples sintered at higher temperatures.

3.5.4 Microstructural Analysis

The scanning electron micrograph of the ball milled powder is shown in figure 3.18. The

particles are found to be agglomerated but the average particle size is found to be around 5

µm. The microstructure of the samples sintered for different temperatures and dwell times
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are shown in figure 3.19. As can be seen from the figure, there is a systematic variation

in the microstructure with increasing dwell time and sintering temperature. Systematic

microstructural changes are observed with increasing dwell time at a specific sintering

temperature. The sample sintered at 1100 ◦C shows the presence of very small grains. The

SEM studies reveal that the grain size increases drastically when the sintering temperature

is increased above 1200 ◦C and indicate large grain growth when sintered above 1300◦C.

The samples sintered at 1400 ◦C, however, show relatively porous microstructures. The

relatively lower densities of the samples sintered at 1400 ◦C can be, therefore, attributed

to the increased porosities of these samples. Such an increase in the porosity of the ferrite

materials at higher sintering temperatures has been observed in the case of Mn-Zn ferrite

powders prepared by hydrothermal route by Rozman et al. [57]. This behavior has been

attributed to the release of oxygen from the spinel lattice.

Scanning electron micrographs of the samples sintered at 1100 ◦C for 8 h with 1%

additives are shown in figure 3.20. A comparison of the micrographs of the samples

sintered with out any additive, and sintered with TiO2, with Y2O3 and with Nb2O5

shows that no noticeable grain growth has taken place with the additives, except when

Nb2O5 is used. However, the TiO2 added sample exhibits a less porous microstructure

when compared to the virgin sample and the porosity remains almost the same when

Y2O3 is used as the additive. The densities of the samples sintered with Nb2O5, TiO2,

and Y2O3 are obtained as 91%, 80%, and 76%, respectively, compared to the density of

75% for the virgin sample. Thus, better sintered density with out any grain growth is

attained for the TiO2 added sample.

3.5.5 Magnetic Measurements

The room temperature magnetization curves of the sintered samples are shown in fig-

ure 3.21. The magnetization is not saturated at the highest field of 15 kOe used for the

measurement. The magnetization of the sample sintered at 1100 ◦C is not much improved

from that of the powder sample (∼78 emu/g). This may be attributed to the lower density

and highly porous nature of the samples sintered at this temperature. As the sintering

temperature is enhanced to 1200 ◦C and upwards an enhanced magnetization of around

81 emu/gm is observed. There is a continuous decrease in the coercivity with increasing
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Figure 3.19: Scanning electron micrographs of the samples sintered at various tempera-
tures for different dwell times.
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Figure 3.20: Scanning electron micrographs of the samples sintered at 1100 ◦C for 8 h,
with the presence of 1% additives, (A) TiO2, (B) no additive (C) Y2O3, and (D) Nb2O5.

sintering temperature and this is due to the increase in the grain size as evidenced from

the SEM photographs. The variation of coercivity and magnetization with sintering tem-

perature is shown in figure 3.22. Na et al. have studied the effect of cation distribution

on the magnetic properties of cobalt ferrite [58]. According to their report, the coercivity

and magnetization of cobalt ferrite were found to change with the quenching tempera-

ture. Such changes were correlated with the varying distribution of Co and Fe ions in the

octahedral and tetrahedral sites of the spinel structure.

The temperature dependence of magnetization of some of the sintered samples is shown

in figure 3.23. The observed Curie temperatures are much less than that obtained for the

samples synthesized in smaller quantities by the ceramic and low-temperature methods

(520 ◦C, see figure 3.13). The Curie temperatures observed for the samples sintered at

different temperatures are listed in Table 3.3. The lower and different Curie temperatures

obtained for the ball milled samples is likely to be due to the difference in the distribution

of the ions in the spinel lattice. Different Curie temperatures between 450 to 525 ◦C have

been already reported for cobalt ferrite [59–62]. Changing the degree of cation distribution
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Figure 3.21: Room temperature magnetization curves for the samples sintered at various
temperatures as indicated.
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Table 3.2: Comparison of the Curie temperatures of samples sintered at different temper-
atures and duration.

Sintering Temp (◦C) Sintering Time (h) TC (◦C)

1100 4 483

1200 8 473

1300 16 478

1400 24 477

is expected to considerably affect the magnetic transition temperature of the ferrites [63].

The effect of sintering temperature on the magnetic properties of cobalt ferrite has been

studied by Rieck and Thijssen [64]. Paulsen et al. showed that varying the sintering

temperature may lead to a slightly modified cation distribution of Co and Fe ions thereby

reducing the Curie temperature [65].

3.5.6 Magnetostriction Studies

The magnetostriction curves measured at room temperature in the parallel direction with

respect to the applied magnetic field, up to a magnetic field strength of 10 kOe are shown

in figure 3.24. The value of magnetostriction is dependent on the sintering temperature

as well as the sintering time. The observed maximum magnetostriction values are ranging

between 130 to 165 ppm. The maximum value of magnetostriction is observed for the

sample sintered at 1100 ◦C for 24 h with a magnetostrictive strain of 165 ppm. For a

particular dwell time, the magnetostriction is largest for the sample sintered at 1100 ◦C,

then decreases with increasing sintering temperature to 1200 ◦C and again increased after

sintering above 1200 ◦C. Unexpectedly, larger magnetostriction is observed for the sample

sintered at 1200 ◦C for 4 h. The lowest magnetostriction is observed in case of the sample

sintered at 1200 ◦C for 8 h. The observed values of magnetostriction are higher than that

reported earlier for polycrystalline cobalt ferrite [17], but less than that reported recently

by Paulsen et al. [47]. This difference in the magnitude of magnetostriction may be due

to the difference in the processing conditions of our samples.

The magnetostriction curves recorded in the perpendicular direction with respect to

the applied magnetic field are shown in figure 3.25. As can be seen from the figure,
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Figure 3.22: Variation of magnetization (at 15 kOe) and coercivity as a function of sin-
tering temperature for different dwell times.

Figure 3.23: Temperature dependence of magnetization for the samples sintered at differ-
ent temperatures.
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Figure 3.24: Magnetostriction curves recorded in the parallel direction to the applied
magnetic field for samples sintered at different temperatures, as indicated.
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Figure 3.25: Magnetostriction curves recorded in the perpendicular direction to the ap-
plied magnetic field for different samples.
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the sign of the magnetostriction in the perpendicular direction is positive. A maximum

magnetostriction of 75 ppm is observed for the sample sintered at 1200 ◦C. The values

are in between a minimum of 50 to a maximum value of 75 ppm for the samples sintered

at various temperatures.

Along the parallel direction, the magnetic field strength at which the maximum value

of magnetostriction is observed, (Hmax), is found to be between 2 kOe to 3 kOe for all the

samples. The slope of the magnetostriction curve (dλ/dH) is also found to be dependent

on the sintering time and temperature. The rate of change of magnetostriction below

the maximum at low fields is the maximum for samples sintered at 1100 ◦C and further

decreases as the sintering temperature is increased. The variations of the slope of the

parallel magnetostriction curves and the maximum of magnetostriction as a function of

the sintering temperature are shown in figure 3.26. The samples sintered at 1100 ◦C show

the maximum slope change. A value of 102 ppm/Oe is observed for the sample sintered

at 1100 ◦C for 24 h. The slope values for all the samples are found to be between 80

to 105 ppm/Oe. These values are comparable to that reported by Mcallum et al [46].

The slope of the magnetostriction curve is very important for utilizing these materials for

stress sensing applications [66].

A comparison of the various parameters listed in Table 3.3 shows that magnetostriction

is highest when the magnetization and density are lower and the coercivity is larger.

However, this seems to be not a true correlation as the magnetization is dependent on

the density of the samples and the coercivity depends on grain size. A close comparison

of the micrographs and the magnetostriction curves shows that there is some sort of a

dependence of the magnetostrictive strain on the microstructure of the sintered compacts.

The samples sintered at 1100 ◦C are having the smallest grains of size ∼2 µm and there

is not much increase in the grain size as the sintering time is increased from 4 h to 24

h. Though the densities of the samples sintered at 1100 ◦C are smaller than those of

the samples sintered at higher temperatures, there is a direct correlation between the

density and dwell time. The density is increased from ∼75% to ∼80% with increasing

dwell time. Similarly, for the sample sintered at 1200 ◦C for 4 h and showing relatively

larger strain, the grains are smaller and the microstructure is comparable to that of

the sample sintered at 1100 ◦C. A comparison between the density, microstructure and
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Figure 3.26: Variation of maximum magnetostriction and slope of magnetostriction as a
function of the sintering temperature.

magnetostriction indicates that higher sintered density with smaller grain size is essential

for larger magnetostriction.

In order to confirm the correlation between grain size and magnetostriction, and the

role played by microstructural features, some studies were made on the effect of a sintering

aid on the microstructural and magnetostrictive properties. Samples were sintered at 1100

◦C for 8 h with 1% each of TiO2, Y2O3 and Nb2O5 as additives. These three metal oxides

are known to play different roles for grain growth during sintering [67]. Nb2O5 forms

liquid phase with the ferrite and promotes planar grain growth forming abnormal and

matrix grains. Y2O3 is known to be inactive and TiO2 promotes grain growth without

liquid phase sintering. However, the temperature at which the powders are sintered with

the additives (1100 ◦C) may not be sufficient for the full action of the sintering aids. This

sintering temperature was selected because higher strains are obtained after sintering

at this temperature with out any sintering aids. From SEM studies (see figure 3.20) it

was found that there is not much grain growth taken place when the additives are used,

except when Nb2O5 is used and the sample sintered with TiO2 exhibited a less porous

microstructure.
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Table 3.3: Summary of magnitude of maximum magnetostriction λ‖, Hc and Ms for the
samples sintered at various temperatures.

Sintering Sintering Time

Temp. 4h 8 h 16 h 24 h

λ‖ Hc Ms λ‖ Hc Ms λ‖ Hc Ms λ‖ Hc Ms

1100◦C -154 212 77.6 -162 197 78.7 -159 206 80.0 -165 214 79.0

1200◦C -156 130 81.7 -131 118 80.5 -132 121 82.4 -135 112 82.0

1300◦C -136 94 81.0 -140 94 80.5 -139 86 82.0 -139 86 81.0

1400◦C -149 99 80.7 -145 97 82.9 -146 90 81.5 -140 78 81.0

Figure 3.27: Magnetostriction as a function of magnetic field for the samples with Nb2O5,
Y2O3 and TiO2 as additives and without additive (CFBM).
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The magnetostriction curves of the samples sintered with the additives along with that

of the corresponding sample sintered without any additive are compared in figure 3.27.

An increase in the magnetostriction is observed when TiO2 is used as the additive and the

magnetostriction is found to be decreased slightly when Y2O3 is used. The lowest value of

magnetostriction is observed in the case of the Nb2O5 added sample. The sample sintered

with titanium dioxide as the sintering aid shows an enhanced value of magnetostriction

of 177 ppm whereas the samples sintered with Y2O3 and Nb2O5 exhibit magnetostrictive

strains of 149 and 121 ppm, respectively, as compared to 159 ppm of the virgin sam-

ple. However, the maximum of the magnetostriction is observed at a relatively higher

magnetic field strength of 3.8 kOe as compared to 2.8 kOe of the parent sample. The

enhancement in the magnetostriction found for the sample with TiO2 as a sintering aid

can be attributed to the presence of smaller grains with uniform distribution of the grains

in the sintered compact. Thus, better sintered density with out any grain growth is likely

to be the possible factors responsible for the enhanced magnetostriction. Similar grain

size dependence of magnetostrictive strain is reported in the case of Fe-Pd ferromagnetic

shape memory alloys by Yasuda et al. [68] and Tb0.3Dy0.7Fe2 thin films formed by flash

evaporation process [69].

3.6 Conclusions

Sintered polycrystalline cobalt ferrite has been studied in detail for its magnetostrictive

behavior. Initial studies on different compositions in the series CoxFe3−xO4 showed that

the compositions with x = 1.0, 1.1, and 1.2 show better magnetostrictive properties.

However, higher sintering temperatures are required in order to have a material with en-

hanced density. The studies performed on the nanosized cobalt ferrite showed that the

magnetostrictive properties can be enhanced by starting from nanosized particles and by

changing the synthesis route. The samples prepared using three different low-temperature

methods resulted in the nanosized powders of cobalt ferrite and show enhanced magne-

tostrictive behavior as compared to the one synthesized by conventional high temperature

methods of synthesis. A very good correlation is observed between the magnetostriction

and the microstructure of the sintered materials. Magnetostrictive strain as high as 197

ppm is observed for combustion synthesized sample, which after sintering exhibits a uni-
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form microstructure with presence of smaller sized grains. This is further confirmed by

studies on ball milled cobalt ferrite. The effect of sintering temperature, dwell time and

sintering aids on the microstructure and magnetostrictive properties of ball milled cobalt

ferrite have been evaluated. The sintering studies reveled that sintering temperatures can

be reduced to as low as 1100 ◦C by using the ball milling method, thereby restricting the

grain growth and enhancing the magnitude of the magnetostrictive strain. The studies

performed with sintering aids also support the observation that the presence of small and

uniform sized grains along with better sintered density is one of the essential parameters

for enhancing the magnetostrictive performance of cobalt ferrite.
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Chapter 4

Magnetostriction Studies on Mn
Substituted Cobalt Ferrite

4.1 Introduction

The spinel structure allows the introduction of different metal ions into the crystal lattice

which can change the electrical and magnetic properties of the resulting compositions

considerably. The effect of substitution of various magnetic as well as nonmagnetic ions

such as Ti, Al, Zn, Cd, Cr etc., for cobalt and iron in CoFe2O4 has been studied by several

researchers [1–8]. Such a substitution also affects the distribution of Fe ions in the octahe-

dral and tetrahedral sites of the spinel lattice, thereby considerably changing the magnetic

and electrical properties. A very small amount of substitution can also affect the initial

permeability and therefore could affect the magnetomechanical response. Greenough and

Lee have earlier studied the contribution of Co2+ ions on the magnetostriction constants

of single crystals in the series CoxMn1−xFe2O4, grown by flame fusion method [9]. The

theoretical aspects of substituting Mn for Co and Fe, on the magnetostriction constants

of cobalt ferrite were studied by Pointon et al. [10]. The ab initio calculations were per-

formed in order to understand the effect of Mn ions on the magnetostriction constants

λ100 and λ111. These studies showed that the Mn3+ ions in the octahedral sites have

negligible contribution whereas Mn3+ ions in the tetrahedral sites have a significant con-

tribution towards magnetostriction. These calculations were based on a single ion model,

assuming that the crystal potential can be calculated at the Mn3+ ions on a point charge

approximation. It was also shown that Mn4+ ions, if present in the tetrahedral sites, could

be an additional source of magnetostriction. However, the Mn4+ ions in the octahedral

site do not contribute to magnetostriction. These studies revealed the importance of Mn
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substitution in determining the magnetostrictive behavior of cobalt ferrite.

In Mn substituted cobalt ferrite, Mn3+ ions will have a strong preference for octa-

hedral sites when substituted for Fe3+, like in CoMn2O4 [11]. On the other hand Mn2+

ions will have a stronger preference for tetrahedral sites when substituted for Co2+ as in

MnFe2O4. Cobalt ferrite and Mn substituted cobalt ferrite has been proposed to be one

of the suitable materials for stress sensing applications [12]. There is a strong demand for

materials exhibiting higher magnetostrictive strains at low magnetic strengths. Recently

Paulsen et al. have reported that the stress sensitivity, Curie temperature, and magne-

tostriction of cobalt ferrite can be changed by substituting Mn for Fe in CoFe2O4 [13].

Caltun et al. have recently studied the effect of Mn substitution for Fe in the series

CoFe2−xMnxO4 (0.0 ≤ x ≤ 0.6) and found that by adjusting the Mn content and the

sintering process, these materials could be optimized for use in magnetomechanical stress

sensors [14, 15]. These studies indicate that it is possible to tune the magnetic as well as

the magnetostrictive properties of cobalt ferrite by substituting Mn for Fe. The Mössbauer

spectral investigations performed on CoFe2−xMnxO4 showed that substituting Mn for Fe

displaces the cobalt on octahedral sites to the tetrahedral sites [16]. Similarly, Melikhov

et al. have evaluated the changes in the magnetic anisotropy of CoFe2−xMnxO4 and found

that anisotropy decreases with increasing Mn content [17]. This is again attributed to

the displacement of Co from the octahedral sites by Mn, as the very large anisotropy of

the ferrite is due to the Co in the octahedral sites. The ionic radii of Co2+ and Fe3+ are

very sensitive to the coordination. The ionic radii of different ions in the octahedral and

tetrahedral coordinations are shown in Table 4.1.

Since it is the Co2+ ion which has an enormous effect on the magnetostriction and

anisotropy of CoFe2O4, it is desirable to understand the effect of direct substitution of

Co by Mn on the magnetostrictive properties of cobalt ferrite. However, the effect of

substitution of Mn for Co in cobalt ferrite is not reported in the literature.

4.2 Studies on Mn Substituted Cobalt Ferrite

The studies carried out in the present work analyze the effect of substitution of Mn for

Fe and Co on the magnetic and magnetostrictive behavior of cobalt ferrite. The effect

of substitution of Mn has been investigated here in detail in two particular compositions
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Table 4.1: Effective ionic radii for Fe, Co and Mn in the tetrahedral and octahedral
coordinations, taken from reference [18].

Ion IV coordination VI coordination
(Å) (Å)

Fe2+ 0.63 0.78

Fe3+ 0.49 0.645

Co2+ 0.58 0.745

Co3+ – 0.61

Mn2+ 0.66 0.83

Mn3+ – 0.645

CoFe2O4 and Co1.2Fe1.8O4. These two compositions were found to show higher magne-

tostriction from the studies performed in the series CoxFe3−xO4 as discussed in chapter 3.

This chapter deals with the magnetic and magnetostrictive properties of Mn substituted

CoFe2O4, in which Mn is gradually substituted for Co, and comparison of the effect of

substitution of Mn for both Co and Fe in Co1.2Fe1.8O4. Earlier reports on the substitution

of Mn for Fe in CoFe2O4 showed a constant decrease in the magnetostrictive strain, along

with a decrease in the Curie temperature [13]. However, substitution of Mn for Fe is not

likely to affect the cation distribution, since Mn3+ ions will have octahedral site prefer-

ence as in CoMn2O4. The substitution of Mn for Co will significantly affect the cation

distribution in the octahedral and tetrahedral sites, since Mn2+ is likely to occupy the

tetrahedral sites, as in the case of MnFe2O4. Thus, the resulting changes in the cation

distribution will in turn affect the magnetic and magnetostrictive behavior.

4.2.1 Synthesis

All the compositions in the Co1−xMnxFe2O4 (CMF) series (0.0 ≤ x ≤ 0.4) were synthe-

sized by the conventional ceramic method. Stoichiometric amounts of CoCO3, Fe2O3 and

MnO2 were mixed together in an agate mortar with acetone as a mixing medium. The

mixtures were pre-calcined at 1000 ◦C for 12 h. Further heat treatments were carried

out at 1000 ◦C for 12 h and 1100 ◦C for 72 h with intermediate grinding after each 24

h. The powders were pelletized in the form of circular discs and sintered in air at a
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Figure 4.1: X-ray diffraction patterns for different compositions in the Co1−xMnxFe2O4

series.

maximum temperature of 1450 ◦C for 10 minutes. These sintered pellets were used for

magnetostriction measurements. Similar procedures were followed for the synthesis of the

compositions in the series Co1.2−xMnxFe1.8O4 (CMFO) and Co1.2Fe1.8−xMnxO4 (CFMO)

where (0.0 ≤ x ≤ 0.4).

4.3 Co1−xMnxFe2O4

4.3.1 Powder XRD Analysis

The XRD patterns of the compositions in the CMF series are shown in figure 4.1. All the

XRD patterns show the reflections from the spinel phase only indicating the formation of

the respective compositions. The variation of the cubic lattice parameter as a function of

Mn concentration is plotted in figure 4.2. The cubic lattice parameter increases almost

linearly with increasing Mn content. This is expected because MnFe2O4 has a lattice

constant of 8.50 Å as compared to 8.38 Å for CoFe2O4 due to the larger ionic radius

of Mn2+ (0.83 Å) ions when compared to that of Co2+ (0.745 Å) [11, 18]. A continuous

variation in the unit cell parameter is observed. Similar variation of lattice parameter
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Figure 4.2: The variation of the unit cell parameter with Mn concentration in the
Co1−xMnxFe2O4 (CMF) series.

is reported by Zhou et al. for the thin film samples of CoFe2−xMnxO4 [19]. The lattice

parameters calculated using the PCW refinement program are listed in Table 4.2.

4.3.2 TMA Analysis

The sintering behavior of some of the compositions in the CMF series is shown in figure 4.3.

The shrinkage starts above 1000 ◦C and a slight drop in the onset of sintering is observed

with increasing Mn content. However, sintering is not completed even at a temperature as

high as 1350 ◦C. All the samples show a liner shrinkage of ∼10% at a maximum sintering

temperature of 1350 ◦C. Since the sintering is not completed at this temperature as

evidenced from the TMA studies, the compositions in the present study are sintered at a

higher temperature of 1450 ◦C in order to have a sintered material with relatively higher

density. Also, sintering at 1450 ◦C was performed for a direct comparison of the results

reported by Paulsen et al. [13] from the studies on the CoFe2−xMnxO4 series.
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Table 4.2: Cubic unit cell parameter for the compositions in the Co1−xMnxFe2O4 (CMF)
series.

Mn content a (Å)

x = 0.0 8.380

x = 0.1 8.391

x = 0.2 8.393

x = 0.3 8.400

x = 0.4 8.412

Figure 4.3: Sintering behavior of the compositions in the Co1−xMnxFe2O4 (CMF) series.
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Figure 4.4: Scanning electron micrographs for different compositions in the
Co1−xMnxFe2O4 (CMF) series. (A) CoFe2O4 (B) Co0.9Mn0.1Fe2O4 (C) Co0.8Mn0.2Fe2O4

(D) Co0.7Mn0.3Fe2O4 and (E) Co0.6Mn0.4Fe2O4.

4.3.3 Microstructural Analysis

Figure 4.4 shows the scanning electron micrographs of different compositions sintered at

1450 ◦C. As can be seen from the images, a very dense microstructure is observed for

all the compositions. The densities of the sintered compacts are found to be around

90% of the theoretical X-ray density of the corresponding compositions. However, for the

composition containing 10% Mn, somewhat directional growth of grains is observed as

compared with other samples. Such a grain growth can lead to the pinning of the domain

walls weakening the response of the magnetic domains to align with the applied magnetic

field thereby affecting the magnetostrictive response.

4.3.4 Magnetic Measurements

The magnetization curves of the compositions in the CMF series, sintered at 1450 ◦C, as a

function of magnetic field are shown in figure 4.5. The inset shows the M-H curves at low

magnetic field strengths indicating the changes in the coercivity on Mn substitution. The
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Figure 4.5: Magnetization as a function of magnetic field for the compositions in the
Co1−xMnxFe2O4 (CMF) series.

temperature dependence of magnetization recorded using a low magnetic field strength of

50 Oe, is shown in figure 4.6. The Curie temperature is found to decrease from 520 ◦C

for x = 0.0 to 416 ◦C for x = 0.4.

The variations of the Curie temperature, magnetization at 7 kOe and 15 kOe as well as

the coercivity as a function of Mn concentration are shown in figure 4.7. The saturation

magnetization at 7 kOe and Curie temperature, reported previously by Paulsen et al. [13]

for different compositions in CoFe2−xMnxO4 are also shown in the figure for comparison.

The magnetization at 15 kOe, which is almost saturated, is increased with increasing

Mn content from 83 emu/g for x = 0.0 to 85 emu/g for x = 0.1. Magnetization remains

almost constant till x = 0.3 and then decreases to 80 emu/g for x = 0.4. However, at lower

field strengths, the magnetization continuously increases up to x = 0.3 and then drops

to a smaller value, indicating a decrease in the magnetic anisotropy with increasing Mn

content. The coercivity is found to decrease almost linearly with increasing Mn content,

again indicating a decrease in the anisotropy of the material. However, for the composition

with x = 0.3, unexpectedly lower coercivity is observed. This is probably due to some

peculiar changes in the cation distribution in the octahedral and tetrahedral sites near
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Figure 4.6: Temperature variation of magnetization for the compositions in the
Co1−xMnxFe2O4 (CMF) series.

this composition.

For MnFe2O4 (x = 1), nearly 20% of Mn is distributed in the octahedral sites as Mn3+

and therefore equivalent amount of Fe will be present as Fe2+ for charge compensation [20].

For Co1−xMnxFe2O4, an increase in the magnetization is expected after substitution of

Mn for Co, if Co2+ is replaced by Mn2+, since Mn2+ has a larger magnetic moment of

5 µB as compared to 3 µB for Co2+. However, if Mn is substituted initially as Mn2+ (5

µB) at lower Mn concentrations and as Mn2+ as well as Mn3+ at larger concentrations,

then the magnetization is expected to level off at certain concentrations of Mn and then

decreases because of the lower magnetic moment of Mn3+ (4 µB) and the conversion

of equivalent amounts of Fe3+ (5 µB) to Fe2+ (4 µB). As can be seen from figure 4.7,

TC drops almost linearly with increasing Mn content. The decrease in the TC is not as

large as that observed in the case of Mn substitution for Fe as reported by Paulsen et

al. [13]. Linear least squares fit of the data of Co1−xMnxFe2O4 series gives the TC as 314

◦C for x = 1 and this is comparable to the Curie temperature of MnFe2O4 (∼300 ◦C).

Hence, the assumption of small amounts of Mn3+ and Fe2+ at larger Mn concentrations

as in MnFe2O4 is likely to be correct. It is reported that the Curie temperature plays
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Figure 4.7: Variation Ms, Hc, and TC as a function of Mn concentration in the
Co1−xMnxFe2O4 (CMF) series. The values shown for CoFe2−xMnxO4 are from refer-
ence [13].



Chapter 4 131

Table 4.3: Variation of coercivity, magnetization and Curie temperature of the sintered
compositions in the Co1−xMnxFe2O4 (CMF) series.

Mn content Hc (Oe) Ms (emu/g) TC (◦C)

x = 0.0 135 83.6 514

x = 0.1 111 85.3 496

x = 0.2 107 85.3 473

x = 0.3 56 84.5 454

x = 0.4 74 80.0 435

a key role in determining the temperature dependence of magnetomechanical effects and

in reducing the magnetomechanical hysteresis [13]. This implies the need to modify the

Curie temperature by still maintaining a sufficiently high value of magnetostriction. The

values of coercivity, magnetization and Curie temperature for different compositions in

the CMF series are summarized in table 4.3.

4.3.5 Magnetostriction Studies

Figure 4.8 and figure 4.9 show the variation of the magnetostriction as a function of mag-

netic field, measured at room temperature, along the parallel (λ‖) and perpendicular (λ⊥)

directions to the applied magnetic field, respectively. The magnitude of λ‖ is maximum

for x = 0.0 with a maximum strain of 138 ppm. This maximum value of magnetostric-

tion (λmax) is relatively lower than that reported recently for polycrystalline cobalt ferrite

samples (210 ppm) [21, 22]. This difference is likely to be due to the difference in the

processing conditions and the associated changes in the distribution of the ions in the

spinel lattice as well as the changes in the microstructure. Harrison et al. have shown

that the cation distribution in cobalt ferrite is very sensitive to the heating and cooling

rates [23]. With increasing manganese content the strain in the parallel direction de-

creases, except for 30% substitution where it is found to be larger than that for 10% and

20% substitution. On the other hand, along the perpendicular direction, the maximum

strain is enhanced from 106 ppm to 117 ppm for 10% substitution and λ⊥ then decreases

continuously with increasing Mn content. For other compositions in the CMF series, the

magnitude of maximum magnetostriction (λ⊥) decreases to 97 ppm, 55 ppm and 58 ppm
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Figure 4.8: Magnetostriction curves recorded in the parallel direction (λ‖) as a function
of magnetic field for different compositions in the Co1−xMnxFe2O4 (CMF) series.

for x = 0.2, 0.3 and 0.4, respectively. Since the 30% substituted sample shows unusual

behavior, the measurements were repeated on another sample sintered separately, and it

was found that the peculiar behavior is reproducible. As the densities of all the samples

were found to be almost identical (∼90%), the changes in the value of magnetostriction

is not likely to be due to any variation of porosity.

Apart from the changes in the peak values of magnetostriction (λmax), there are large

changes in the magnetostriction at low fields as well as the magnetic field at which maxi-

mum magnetostriction is observed, along both directions. For x < 0.3, there is an initial

lag in the magnetostriction with increasing field where as for x = 0.3 and 0.4, the mag-

netostriction sharply rises at low fields. Figure 4.10 shows a comparison of λmax and λ at

different low fields, as a function of x. Though λmax decreases with increasing Mn con-

centration, unusually large value is obtained for x = 0.3 along the parallel direction. The

magnetostriction for x = 0.3 is 3 to 6 times larger at low field strengths when compared

to the value for the unsubstituted sample.

The changes in the volume (ω) and anisotropic magnetostriction (λt), as a function of

Mn concentration, are plotted in figure 4.11. The magnitude of volume magnetostriction is
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Figure 4.9: Magnetostriction curves recorded in the perpendicular direction (λ⊥) as a
function of magnetic field for different compositions in the Co1−xMnxFe2O4 (CMF) series.

Figure 4.10: Variation of λ at different low fields and λmax as a function of Mn concen-
tration in Co1−xMnxFe2O4.
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found to be maximum for the composition containing 10% Mn. However, the anisotropic

magnetostriction shows a continuous decrease with increasing Mn content. Figure 4.12

shows the variation of the slope of the magnetostriction curve (dλ/dH), for both parallel

and perpendicular measurements, and the field required to attain the maximum value

of magnetostriction (Hmax). The slopes of the magnetostriction curves show a strong

dependence on the Mn content. For x = 0.0, the maximum of magnetostriction in the

parallel direction is observed at a magnetic field strength of 5.9 kOe, which is shifted to a

lower magnetic field of 2.2 kOe for the compositions containing 30% and 40% manganese.

For the composition with 10% Mn content, the maximum of magnetostriction is observed

at 4.8 kOe. For the measurements carried out in the perpendicular direction also, a

similar lowering of the magnetic field required to achieve the maximum value of the

magnetostriction is observed. In this direction the magnetic fields required are found to

be between 4 and 2.2 kOe. Along the parallel and perpendicular directions, Hm is reduced

to almost 33% and 50%, respectively, for x = 0.3 and 0.4 when compared to the values for

x = 0. The strain derivative or the slope of the magnetostriction curve dλ/dH is found

to be almost double for x = 0.3. dλ/dH is a measure of the performance of the material

and is related to the efficiency of energy conversion of the material [24]. For applications

in stress sensing, the slope of the magnetostriction curve is very important. A high value

of magnetostriction at low magnetic field strength is very essential for such applications.

A comparison of the observed magnetostrictive strain with the microstructure (see

figure 4.4) shows that for the composition with x = 0.1, a directed grain growth leads to

an enhanced magnetostriction in the perpendicular direction. The composition with x =

0.3, shows the presence of smaller uniform sized grains as compared to other compositions,

and this could be the reason for the larger magnetostriction and enhanced slope of the

magnetostriction curve.

The different parameters such as magnetostrictive strains in the parallel (λ‖) and

perpendicular (λ⊥) directions, maximum magnetic field (Hmax) required to achieve the

maximum magnetostriction, anisotropic magnetostriction and volume magnetostriction

for different compositions are summarized in Table 4.4. Mn substitution for Co in CoFe2O4

is found to be more effective in tuning the magnetostrictive behavior of polycrystalline

cobalt ferrite. The enhanced slope of magnetostriction curve for 30% Mn content, higher
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Figure 4.11: Variation of volume (ω) and anisotropic strain (λt) for the compositions in
the Co1−xMnxFe2O4 (CMF) series.

Figure 4.12: Variation of slope of the magnetostriction curve and Hmax for the measure-
ments in the parallel (open symbols) and perpendicular (closed symbols) directions for
the compositions in the Co1−xMnxFe2O4 (CMF) series.
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Table 4.4: Summary of λ‖, λ⊥, Hmax, dλ/dH, λt and ω for different compositions in the
Co1−xMnxFe2O4 (CMF) series.

Mn λ‖ λ⊥ Hmax(‖) Hmax(⊥) dλ/dH‖ dλ/dH⊥ λt ω

Content (ppm) (ppm) (kOe) (kOe) (ppm/kOe) (ppm/kOe) (ppm) (ppm)

x = 0.0 -138 108 6.0 4.0 42.6 44.3 -237.2 79.9

x = 0.1 -97 117 4.8 3.5 44.2 53.7 -214.3 136.7

x = 0.2 -87 97 3.5 3.5 33.7 54.8 -180.4 111.3

x = 0.3 -107 55 2.2 2.2 69.9 36.1 -164.7 0.0

x = 0.4 -64 58 2.2 2.2 41.2 38.3 -176.2 57.8

value of strain in the perpendicular direction for 10% Mn content, and a lowering of the

magnetic field required to achieve the maximum strain are the key features of the partial

substitution of Co by Mn. The studies showed that the microstructure also plays a crucial

role in determining the magnetostrictive properties.

4.4 Studies on Mn Substituted Co1.2Fe1.8O4

4.4.1 Powder XRD Analysis

The X-ray diffraction patterns of the compositions in the Co1.2−xMnxFe1.8O4 (CMFO)

and Co1.2Fe1.8−xMnxO4 (CFMO) series are shown in figure 4.13. All the reflections in

the XRD patterns correspond to the spinel structure and no additional reflections are

observed indicating the phase purity of the compositions. For the compositions in the

CFMO series, only a slight change in the unit cell parameter is observed. Similar results

were obtained by Zhou et al. [19] in the case of thin film samples of CoFe2−xMnxO4

prepared by sol-gel process. It is expected that when Fe3+ is replaced by Mn3+, the

lattice parameter will not be varied much because of the identical ionic radii of both these

ions (0.645 Å), for octahedral coordination. The smaller increase in the lattice parameter

is likely to be due to some variation in the distribution of the ions in the tetrahedral and

octahedral sites. On the other hand, larger increase in the lattice parameter is observed

when Co is replaced by Mn in the CMFO series. This can be attributed to the larger ionic
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Figure 4.13: Powder X-ray diffraction patterns for different compositions in the
Co1.2−xMnxFe1.8O4 (CMFO) and Co1.2Fe1.8−xMnxO4 (CFMO) series.
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Figure 4.14: Variation of the cubic lattice parameter with Mn content for different com-
positions in the Co1.2−xMnxFe1.8O4 (CMFO) and Co1.2Fe1.8−xMnxO4 (CFMO) series.

size of Mn2+ (0.83 Å) as compared to Co2+ (0.745 Å) in the tetrahedral coordination.

The variation of the lattice parameter for the compositions in the CMFO and CFMO

series is plotted in figure 4.14. Table 4.5 shows the calculated lattice parameters for all

the compositions.

4.4.2 TMA Analysis

The sintering behavior of CoFe2O4, Co1.2Fe1.8O4 and Co1.1Mn0.1Fe1.8O4 is compared in

figure 4.15. Both the compositions show almost identical sintering behavior and shrinkage,

as that of CoFe2O4 except for the fact that the Mn substituted composition shows a slight

decrease in the onset temperature for sintering. Sintering is not completed at 1350 ◦C,

the maximum temperature in the TMA analysis.

4.4.3 Microstructural Analysis

The SEM micrographs of the x = 0, 0.1, and 0.3 compositions for both the CFMO and

the CMFO series are shown in figure 4.16. In the case of CMFO, the microstructure is
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Table 4.5: Cubic unit cell parameters for different compositions in the Co1.2−xMnxFe1.8O4

(CMFO)and Co1.2Fe1.8−xMnxO4 (CFMO) series with increasing Mn content.

Mn content a (Å) (CMFO) a (Å)(CFMO)

x = 0.0 8.372 8.372

x = 0.1 8.387 8.378

x = 0.2 8.394 8.380

x = 0.3 8.401 8.383

x = 0.3 8.418 8.385

Figure 4.15: Sintering behavior of Co1.2Fe1.8O4, and Co1.1Mn0.1Fe1.8O4 compared with
CoFe2O4.
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Figure 4.16:
Comparison of the SEM micrographs of (A) Co1.2Fe1.8O4, (B) Co1.1Mn0.1Fe1.8O4, (C)
Co0.9Mn0.3Fe1.8O4, (D) Co1.2Fe1.7Mn0.1O4, and (E) Co1.2Fe1.5Mn0.3O4.

found to be uniform along with the presence of large grains. The porosity increases with

increasing Mn content. The overall microstructure is found to be much more uniform as

compared to that of the parent compound. However, in the case of CFMO, discontinuous

grain growth and presence of large pores is observed with increasing Mn content.

4.4.4 Magnetic Measurements

The magnetization measurements were carried out at room temperature up to a maximum

magnetic field strength of 15 kOe for the powder samples as well as for the sintered pellets.

Figure 4.17 and Figure 4.18 show the variation of magnetization as a function of magnetic

field for different compositions in the CMFO and CFMO series.

The variations of saturation magnetization and coercivity for the powders and sintered

samples are shown in figure 4.19. In the case of the powder samples, the saturation

magnetization value of 64 emu/g is observed for the parent compound Co1.2Fe1.8O4. All

the compositions show magnetic saturation above 5 kOe. For the compositions in the

CMFO series, the magnetization increases with increasing Mn content up to x = 0.2 and
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Figure 4.17: Room temperature magnetization curves for the powder samples in the
Co1.2−xMnxFe1.8O4 (CMFO) and Co1.2Fe1.8−xMnxO4 (CFMO) series.

Figure 4.18: Room temperature magnetization curves for the sintered samples in the
Co1.2−xMnxFe1.8O4 (CMFO) and Co1.2Fe1.8−xMnxO4 (CFMO) series.
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Figure 4.19: Variation of magnetization and coercivity for the powder (a) and sintered
(b) samples in the Co1.2−xMnxFe1.8O4 (CMFO) and Co1.2Fe1.8−xMnxO4 (CFMO) series
with increasing Mn concentration.

then decreases to a small value. A maximum magnetization of 75 emu/g is obtained for

the composition with 20% Mn. However, the magnetization increases only a little when

Mn is substituted for Fe. It remains almost constant up to 30% Mn substitution and

then decreases to 60 emu/g for x = 0.4. Similarly the coercivities of the powder samples

also exhibited a marked dependence on Mn content. When Mn is substituted for Co

the coercivity remains almost constant for all the compositions and is close to 225 Oe.

However, in the case of Mn substitution for Fe, the coercivity decreases continuously.

The sintered samples show almost a similar trend as in case of the powder samples.

The magnetization is found to be higher for CMFO series compositions and slightly higher

value is observed as compared to the powder samples. For the substitution of Co by Mn,

there is an initial increase in the saturation magnetization from ∼68 emu/g for x = 0.0

to ∼79 emu/g for x = 0.1 and then the magnetization remains almost constant for larger

values of x. For the CFMO series, magnetization is increased to 71 emu/g for 10% Mn
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Table 4.6: Summary of magnetization and coercivity for the powder and sintered samples
in the Co1.2−xMnxFe1.8O4 (CMFO) and Co1.2Fe1.8−xMnxO4 (CFMO) series.

Mn CMFO CFMO

Content Powder Pellet Powder Pellet

Hc Ms Hc Ms Hc Ms Hc Ms

(Oe) (emu/g) (Oe) (emu/g) (Oe) (emu/g) (Oe) (emu/g)

x = 0.0 223 64.2 98 68.5 223 64.2 98 68.5

x = 0.1 232 74.4 66 77.8 133 66.9 66 71.8

x = 0.2 222 75.0 63 76.1 104 64.8 63 64.3

x = 0.3 235 74.8 59 78.1 77 64.5 61 62.2

x = 0.4 224 70.7 53 77.4 64 59.6 79 67.5

content, which then decreases up to 30% Mn content and again increases for x = 0.4.

The coercivity of the sintered samples, in the case of CFMO series compositions, shows a

decrease with increasing Mn content up to 30%, and then increases for 40% Mn content.

However, a continuous decrease in coercivity is seen for the sintered samples in the CMFO

series.

The substitution of Fe3+ by Mn3+ is expected to decrease the saturation magnetization

assuming that the substituted Mn3+ ions preferentially occupies the octahedral B site in

the AB2O4 spinel structure. This is due to the decrease in the magnetic moment from

5 µB for Fe3+ to 4 µB for Mn3+. On the other hand, substitution of Co2+ by Mn2+

should enhance the saturation magnetization since the magnetic moments for Co2+ and

Mn2+ are 3µB and 5µB, respectively. The initial increase in the magnetization for x

= 0.1 and a constant value thereafter, for Co1.2−xMnxFe1.8O4, indicate that initially, at

lower concentrations, the Mn2+ ions are substituted in the B site of the spinel lattice and

at higher concentrations, the rest of the Mn2+ ions are distributed in the A site. The

coercivity is decreased irrespective of whether Co or Fe is replaced by Mn. The variation

in the coercivity of the CFMO series is similar to that observed in the case of CoFe2O4.

The changes in the coercivity and magnetization are likely to affect the magnetostrictive

responses of the Mn substituted compounds.

The temperature dependence of magnetization recorded in a magnetic field of 50 Oe are
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Figure 4.20: Temperature dependence of magnetization for different compositions in the
Co1.2−xMnxFe1.8O4 (CMFO) and Co1.2Fe1.8−xMnxO4 (CFMO) series.

shown in figure 4.20. The parent composition Co1.2Fe1.8O4 shows a Curie temperature of

440 ◦C. A continuous decrease in the Curie temperature with increasing Mn concentration

is observed for both the series. However, the TC drops rapidly when Mn is substituted for

Fe as compared to Mn substitution for Co. A Similar decrease in the Curie temperature

has been observed in the case of Mn substitution for Fe in CoFe2O4 as reported by Paulsen

et al. [13].

The variation of TC with increasing Mn content is shown in figure 4.21. This observed

difference in the Curie temperatures of the samples in both these series could be due to

a different cation distributions in the octahedral and the tetrahedral sites of the spinel

lattice. Mn2+, when substituted for Co2+, will have a stronger tetrahedral site preference

as in the case of MnFe2O4, whereas substitution for Fe3+ will lead to a octahedral site

occupancy of the Mn3+ ions, as in case of CoMn2O4, where Mn3+ has strong preference



Chapter 4 145

Figure 4.21: Variation of Curie temperature with Mn concentration for the compositions
in the Co1.2−xMnxFe1.8O4 (CMFO) and Co1.2Fe1.8−xMnxO4 (CFMO) series.

for octahedral site occupancy. Such a difference in the cation distribution can affect the

strength of the A-O-B magnetic exchange interactions in the spinel lattice thereby leading

to different Curie temperatures. The Curie temperature for CoMn2O4, is -183 ◦C [19,25],

as compared to 300 ◦C for MnFe2O4 [26]. Therefore when Mn is substituted for Co, the

TC is expected to decrease but not as rapidly as when Mn is substituted for Fe. Similarly,

a larger decrease in the TC has been observed when Mn is substituted for Fe [13], as

compared to the substitution of Mn for Co as has been shown in figure 4.7. This is

mainly because of the decrease in the A-O-B exchange interactions when Fe is replaced

by Mn.

4.4.5 Magnetostriction Studies

The magnetostriction curves recorded for different compositions in the CMFO and CFMO

series in the parallel and perpendicular directions are shown in figure 4.22 and figure 4.23,

respectively. As can be seen from the figures, the magnetostriction observed for the

composition with x = 0.0, i.e. Co1.2Fe1.8O4, is around 90 ppm. This value is relatively
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Figure 4.22: Magnetostriction measured parallel to the field direction, as a function of
field, for the different compositions in the Co1.2−xMnxFe1.8O4 (filled symbols) and the
Co1.2Fe1.8−xMnxO4 (open symbols

series

smaller than the value obtained (113 ppm) for this composition in the preliminary studies

(see figure 3.4). This is possibly due to the differences in the processing conditions and

the associated changes in the microstructure and cation distribution. In the preliminary

studies, the sample was sintered at 1100 ◦C for 8 h whereas here the samples are sintered

at 1450 ◦C for 4 h. For comparison with the studies on Mn substituted compositions, the

un-substituted compound was also synthesized again along with the other compositions.

For the compositions in the CMFO series, the magnetostriction recorded in the parallel

direction (λ‖) is found to be higher for the compositions containing Mn. Maximum

value is obtained for the sample containing 10% Mn, with a maximum magnetostrictive

strain of 112 ppm. For 20% and 30% Mn containing compositions the magnitudes of the

magnetostrictive strains are 104 and 101 ppm, respectively, which is still higher than the

composition with x= 0.0. However, the strain drops to a lower value of 88 ppm for the

composition containing 40% Mn. On the other hand, the magnetostriction values for all

the compositions in the CFMO series are less than that of the parent compound. The
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Figure 4.23: Magnetostriction measured perpendicular to the field direction, as a function
of field, for the different compositions in Co1.2−xMnxFe1.8O4 (CMFO) (filled symbols) and
Co1.2Fe1.8−xMnxO4 (CFMO)(open symbols).

value is decreased from 88 ppm to 85, 62, 42 and 38 ppm for x = 0.1, 0.2, 0.3 and 0.4,

respectively.

The perpendicular measurements show a continuous decrease in the magnetostriction

for both CMFO and CFMO series with increasing Mn content. The values of maximum

magnetostriction are 67, 47, 39, 30 and 22 ppm for x = 0.0, 0.1, 0.2, 0.3 and 0.4, re-

spectively for the CMFO series and 42, 38, 31 and 19 ppm for x = 0.1, 0.2, 0.3 and 0.4,

respectively, for the CFMO series. Thus, a larger decrease in magnetostrictive strain, in

both parallel and perpendicular directions, is observed when Mn is substituted for Fe.

The variation of the maximum magnetostriction as a function of Mn concentration

is shown in Fig. 4.24. For the CFMO series, the magnetostriction decreases continu-

ously as the concentration of Mn is increased. This is similar to the results reported for

CoFe2−xMnxO4 [13]. On the other hand, λ‖ increases by 25% for x = 0.1 in the CMFO

series, and then decreases almost linearly with increasing Mn concentration, so that λ‖

is comparable for both x = 0 and 0.4 in Co1.2−xMnxFe1.8O4. However, in the case of

the perpendicular magnetostriction, the highest value of 67 ppm is obtained for the un-
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Figure 4.24: Variation of the magnitude of maximum magnetostriction as a function of
Mn concentration in Co1.2−xMnxFe1.8O4 (CMFO) and Co1.2Fe1.8−xMnxO4 (CFMO).

doped compound. λ⊥ decreases continuously in a similar fashion for both the series with

increasing concentration of Mn.

The variations of volume (ω) and anisotropic (λt) magnetostrictions as a function of

Mn concentration are shown in figure 4.25. This comparison shows that there is a marked

dependence of ω as well as λt on Mn content. Apart from the variations in the volume

and anisotropic magnetostrictions, the magnetic field required to achieve the maximum

strain (Hmax) is also found to be different for the CMFO and CFMO series. The variation

of Hm as a function of Mn concentration is shown in figure 4.26. For magnetostriction

measurements in the parallel direction, Hmax is found to be relatively less and it decreases

with increasing Mn content. Higher value of strain is obtained at lower magnetic field

strengths. For example, for x = 0.1 in the CMFO series, maximum magnetostriction

of 112 ppm is obtained at a field of ∼2 kOe compared to 90 ppm at ∼3 kOe for the

un-substituted composition (x = 0). In the perpendicular direction, the maximum of the

magnetostriction curve shifts to relatively higher magnetic fields for the CFMO series up

to x = 0.2 and then decreases whereas a continuous decrease is observed in the case of

CMFO. The results indicates that Mn substitution for Co is much more effective in order
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Figure 4.25: The variation of volume (ω) and anisotropic strain (λt) with Mn concentra-
tion for the samples in the Co1.2−xMnxFe1.8O4 (CMFO) and Co1.2Fe1.8−xMnxO4 (CFMO)
series.

to reduce the magnetic field required than substituting Mn for Fe.

The slope of the magnetostriction curve (dλ/dH) for both the parallel and perpen-

dicular measurements is shown in figure 4.27. It is observed that the rate of change of

magnetostriction along the parallel direction is increased with the substitution of Co by

Mn in Co1.2−xMnxFe1.8O4 whereas in all other cases the rate decreases. The slope is al-

most doubled for 30% Mn substitution for Co in the parallel direction. Lower slope values

are observed for measurements in the perpendicular direction for both CMFO and CFMO

series.

A close comparison of the observed magnetostrictive strains with the microstructures

shown in figure 4.14 indicate correlation between the microstructure and the changes

in the magnetostriction. Uniform microstructure is observed for the compositions in the

CMFO series and a discontinuous grain growth with large sized grains along with increased

porosity is observed with increasing Mn content for the compositions in the CFMO series.
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Figure 4.26: The variation of the magnetic field Hmax at which maximum magnetostric-
tion is obtained, as a function of Mn concentration in Co1.2−xMnxFe1.8O4 (CMFO) and
Co1.2Fe1.8−xMnxO4 (CFMO) series.

Such a discontinuous grain growth may lead to the pinning of domain walls in the grain

boundary region thereby affecting the response of the domains to the applied magnetic

field and reducing the magnetostriction, which is in agreement with the lower strains ob-

served in the case of CFMO series of compositions. This again underpins the importance

of microstructural control in determining the magnetostrictive properties of the composi-

tions. The different parameters such as magnetostrictive strain in the parallel (λ‖), and

perpendicular (λ⊥) directions, maximum magnetic field (Hmax) required to achieve the

maximum magnetostriction, anisotropic magnetostriction and volume magnetostriction

for different compositions are summarized in Table 4.7.

In summary, the substitution of Fe and Co by Mn on the magnetostrictive properties

of Co1.2Fe1.8O4 shows strong dependence of magnetostriction on the Mn content in both

cases. The substitution of Co by Mn enhances the magnetostriction for small values of x

in Co1.2−xMnxFe1.8O4 whereas magnetostriction decreases continuously with increasing x

in Co1.2Fe1.8−xMnxO4. A twofold increase in the initial slope, dλ/dH, with large magne-

tostriction as compared to that of the unsubstituted compound is observed when small
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Table 4.7: Summary of λ‖, λ⊥, Hmax, dλ/dH, λt and ω for different compositions in the
Co1.2−xMnxFe1.8O4 (CMFO) and Co1.2Fe1.8−xMnxO4 (CFMO) series.

Mn λ‖ λ⊥ Hmax(‖) Hmax(⊥) dλ/dH‖ dλ/dH⊥ λt ω

Content (ppm) (ppm) (kOe) (kOe) (ppm/kOe) (ppm/kOe) (ppm) (ppm)

CMFO

x = 0.0 -90 67 2.8 4.8 56.4 37.9 -158.0 44.9

x = 0.1 -112 47 2.0 4.4 92.7 14.1 -159.4 -17.7

x = 0.2 -104 39 2.0 4.0 109.0 14.1 -143.5 -25.1

x = 0.3 -101 30 1.6 3.6 122.0 12.9 -132.2 -41.3

x = 0.4 -88 22 1.6 3.2 83.5 12.3 -110.5 -42.9

CFMO

x = 0.0 -90 67 2.8 4.8 56.4 37.9 -158.0 44.9

x = 0.1 -85 42 2.8 5.2 53.2 14.1 -123.3 -0.4

x = 0.2 -62 24 2.8 5.6 43.5 12.2 -87.0 13.5

x = 0.3 -42 31 2.0 4.4 42.0 8.8 -73.7 -21.4

x = 0.4 -38 19 2.0 4.4 27.7 6.6 -58.3 -0.8
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Figure 4.27: The Variation of the initial slope of magnetostriction (dλ/dH) with field as a
function of Mn concentration for different compositions in the CMFO and CFMO series.

amounts of Co is replaced by Mn. Similarly, the field at which maximum magnetostriction

is obtained is also reduced by 50% by this substitution. Thus, the present work shows that

magnetostriction in cobalt ferrite can be enhanced by the substitution of small fraction of

Co by Mn and this leads to an increase in the strain derivative as well as magnetostriction

at lower magnetic fields.

4.5 Conclusions

The effect of substitution of Co and Fe by Mn on the magnetostrictive properties is

analyzed for CoFe2O4 as well as Co1.2Fe1.8O4. Magnetostriction is found to be affected

more by the substitution of Mn for Co than for Fe. Enhancement in the slope of the

magnetostriction curve as well as an enhanced magnetostriction in the perpendicular

direction for 10% Mn content are observed in the case of substitution studies on CoFe2O4.

The studies carried on Mn substitution for Fe and Co in Co1.2Fe1.8O4 also showed that the

substitution of Mn for Co can lead to better control over the magnetostrictive properties

than the substitution for Fe. Therefore, the present studies show that it is possible to
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tune the magnetostriction of cobalt ferrite by suitable substitution of Mn for Fe and Co.

The present work shows a way to tune the magnetostriction by effective substitution of

Fe and Co by Mn for a choice to have materials with controlled magnetostrictive response

for stress sensing and other applications at much lower magnetic field strengths.
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Chapter 5

Studies on LaMn1−xFexO3

5.1 Introduction

Studies on the magnetic properties of perovskite type lanthanum manganite and sub-

stituted lanthanum manganites gained momentum after the discovery of colossal mag-

netoresistance (CMR) in this class of materials [1–4]. The parent compound LaMnO3

is an A-type antiferromagnetic insulator where the high-spin state of Mn3+ (S=2) cou-

ples antiferromagnetically via superexchange interaction [5]. The transport and magnetic

properties of LaMnO3 can be altered by the substitution of suitable metal ions in the

A-site of the ABO3 perovskite structure. It has been found that the changes in the trans-

port and magnetic properties are generally associated with the spin states of Mn ion in

the perovskite structure [6]. The substitution of divalent metal ions like Ca2+, Ba2+ and

Sr2+ for La3+ induces ferromagnetism in LaMnO3, because of the changes in the spin

state of Mn from Mn3+ to Mn4+. This shows that the substitution at the A-site of the

ABO3 perovskite structure ultimately affects the ion situated at the B-site. Therefore,

it should be possible to mimic the properties observed after the A-site substitution, by

direct substitution at the B-site by proper ions. Such studies have in fact confirmed the

presence of ferromagnetic behavior in the case of substitution of Co, Ni and Cr for Mn

in LaMnO3 [7–9]. However, the substitution at the B-site is more complicated because of

the possibility for the presence of multiple valance states of the B-site ions.

The substitution of Mn by Fe in the La1−xDxMnO3 (where D = Ca2+, Ba2+, Sr2+

etc) system, which is already ferromagnetic and metallic, destroys ferromagnetism and

conductivity with increasing Fe3+ ion concentration. The consequences of Fe substitu-

tion have been explained based on the breakdown of long range order in the system as
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Fe3+ occupies the B-sites in a random manner, the increased strength of the Fe3+-O-Fe3+

antiferromagnetic superexchange interactions, and the weakening of the Mn3+-O-Mn4+

double exchange mechanism [10–15]. These observations are contradicting to the fact

that Fe3+-O-Mn3+ is expected to be one of the strongest ferromagnetic interaction ac-

cording to Goodenough-Kanamori rules [16]. From the comparative studies on the effect

of substitution of different transition elements for Mn in La0.7Ca0.3MnO3 indicated some

unusual effect on the substitution of Fe3+ for Mn3+ [17]. From comparative studies on the

role of impurity eg levels on the properties of Pr0.5Ca0.5MnO3 doped with 5% of different

elements, Hebert et al. showed that doping elements with d0 and d10 configurations and

dopants without d orbitals destroy ferromagnetic ordering and Fe3+ also belongs to this

class in spite of its d5 electronic configuration [18]. A similar effect has been observed in

the case of direct Mn-site substitution also.

Although ferromagnetism is induced on the substitution of the transition metals Co,

Ni, and Cr for Mn in LaMnO3, it was observed that the same effect is not produced on

the substitution of Fe [19]. However, the studies on the Fe substituted manganites took

a new turn after the paper published by ueda et al. who made artificial superlattices

of LaMnO3 and LaFeO3 and found that the magnetic properties could be controlled by

altering the ordering of Mn and Fe ions in the lattice [20]. Ferromagnetism, with a TC of

230 K, is observed for stacking on the < 111> plane of SrTiO3 substrate whereas spin-

glass-like behavior has been observed for <100> and <110> stacking. Further report by

the same research group on the observation of ferromagnetism above room temperature in

a thin film sample of LaMn0.5Fe0.5O3, where the Mn3+ and Fe3+ ions were made to order,

confirms the role of randomness in the occupancy of Fe3+ in determining the magnetic

properties [21]. The driving force for the ordering of the ions in the B site of the perovskite

lattice, when there are more than one type of ions is present, is either the difference in the

charge or the size or both these factors together. So, it is clear that, in a polycrystalline

sample of LaMn0.5Fe0.5O3, if Fe is present as trivalent high spin ion, the compound is

less likely to have ferromagnetic behavior due to the randomness in the occupancy, as

trivalent Mn and Fe ions have identical ionic size (0.65 Å) and ionic charge [22].

Although ferromagnetism was not observed in polycrystalline LaMn0.5Fe0.5O3 in the

earlier studies [19], cluster-glass-like features with large difference between the field cooled
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and zero field cooled magnetization below 260 K have been reported for this compound

very recently [23]. The difference between the compounds in the above two reports is in the

difference in the synthesis and processing conditions. Recent studies on polycrystalline

LaMn0.5Co0.5O3 and LaMn0.5Ni0.5O3 [24, 25] synthesized by a low-temperature method

and annealed at different temperatures, have shown the interplay of different spin states

of Mn and the substituted ions in the two compounds and the effect of these parameters

on their magnetic properties. These studies also showed how the processing conditions

affect the magnetic properties, due to the changes in the spin states of Mn and the

substituted ion. In the present study we have synthesized polycrystalline samples in the

series LaMn1−xFexO3 by a low temperature method and the magnetic properties of the

resulting compositions have been evaluated after annealing at different temperatures in

air. Mössbauer, EPR and IR spectroscopic studies were made to get more information on

the changes in the magnetic properties and the state of Mn and Fe ions in the compound.

5.2 Synthesis

The synthesis of the compositions in the series LaMn1−xFexO3 (0.0 ≤ x ≤ 0.5) was carried

out using the low temperature glycine nitrate combustion route. Stoichiometric amounts

of La2O3 and Mn metal powder were dissolved separately in minimum amount of 4N nitric

acid to get the corresponding metal nitrates. Fe(NO3)3 was dissolved separately in mini-

mum amount of distilled water and then the metal nitrate solutions were mixed together.

Water solution of glycine was added to this metal nitrates solution by maintaining the

metal to glycine molar ratio as 1:2. The final mixed solution was evaporated on a hot

plate at 200 ◦C , resulting in the formation of a thick fluffy mass, which finally burned

vigorously forming a black powder. This powder was then heated in air at different tem-

peratures, at 200 ◦C and 700 ◦C for 12 hours each and at 1300 ◦C for 24 hours. The

powders were characterized using different techniques such as XRD, VSM and IR studies.

For the composition with x = 0.5, further studies were carried out with Mössbauer and

EPR measurements.
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Figure 5.1: Powder XRD patterns of different compositions in the LaMn1−xFexO3 series
annealed at (c) 200 ◦C, (b) 700 ◦C and (c) 1300 ◦C. The simulated XRD pattern of LaFeO3

(LFO) is shown and indexed for comparison.
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5.3 Powder XRD Analysis

The powder XRD patterns of different compositions in the LaMn1−xFexO3 (LMF) series

annealed at different temperatures are shown in figure 5.1. All the samples, after anneal-

ing at 200 ◦C, show identical characteristics in the powder XRD patterns. The smaller

particles formed during the combustion synthesis are responsible for the broad reflections

in the diffraction patterns. All the XRD patterns could be indexed to the GdFeO3 type

orthorhombic perovskite structure with the space group pbnm. The samples annealed at

700 ◦C and 1300 ◦C also show similar features in the XRD patterns, excepted for the

decreased broadness of the reflections, as observed in the case of the 200 ◦C annealed

samples. The lattice parameters were calculated by the least square refinement method.

The variation in the orthorhombic lattice parameters with increasing Fe concentration is

shown in figure 5.2. As can be seen from the figure, for the compositions annealed at

200 ◦C, 700 ◦C and 1300 ◦C, the lattice parameters a, b, and c remain almost constant.

This is likely to be due to the the identical ionic radii of Mn3+ and Fe3+. It is expected

that there will not be any major shift in the lattice parameters. Few studies have been

reported on the structural characteristics of the compositions in the series LaMn1−xFexO3.

An orthorhombic structure has been reported by Gilleo [19] for the compositions in the

series LaFexMn1−xO3 for 0.5 < x ≤ 1. Similarly, Wu et al. have also observed orthorhom-

bic structure for Fe rich compositions in the series LaFexMn1−xO3, where the variation in

the lattice parameters was found to be very small because of the identical ionic radii of

Mn3+ and Fe3+ [26]. However, Miwa et al. have reported rhombohedral and monoclinic

phases for a gradual substitution of Fe for Mn in LaMnO3 [27]. Recently, Tong et al. have

shown that the structure changes from rhombohedral to orthorhombic with increasing Fe

content [28].

5.4 Magnetic Measurements

The zero field cooled (ZFC) magnetization curves recorded in a magnetic field of 50 Oe

are shown in figure 5.3. The samples annealed at 200 ◦C, show sharp magnetic transitions

between 100 and 125 K. The onset of the magnetic transition is observed below 125 K

for all compositions. The parent compound LaMnO3 is an antiferromagnet, having a
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Figure 5.2: Variation of the orthorhombic lattice parameters as a function of Mn concen-
tration in the LaMn1−xFexO3 series for samples annealed at (a) 200 ◦C, (b) 700 ◦C and
(c) 1300 ◦C.
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Figure 5.3: ZFC magnetization (H = 50 Oe) curves of different compositions in
LaMn1−xFexO3 series annealed at (a) 200 ◦C, (c) 700 ◦C and (d) 1300 ◦C. (b) shows
the normalized magnetization curves of the samples annealed at 200 ◦C.
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Figure 5.4: Magnetic field dependence of magnetization recorded at 12 K for different
compositions in the LaMn1−xFexO3 series annealed at (a) 200 ◦C, (b) 700 ◦C and (c) 1300
◦C.
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Neel temperature of ∼140 K. The magnetic transition temperature for the compositions

annealed at 200 ◦C is found to decrease with increasing Fe concentration. Also, the peak

temperature decreases continuously with increasing Fe content, which can be clearly seen

in figure 5.3(b), where normalized magnetization curves for the samples annealed at 200

◦C are shown. It is also observed that the magnetic transition becomes broadened over

a wide temperature range with increasing Fe content. For the composition with x =

0.5, a small cusp is observed at 65 K. In the case of the samples annealed at 700 ◦C

(figure 5.3(c)), the magnetic transition is found to be broadened over a wide temperature

range. The peak temperature decreases for compositions up to x = 0.3, and then further

increases for x = 0.4. However, the composition with x = 0.5 does not show any kind of

magnetic transition or peak down to 12 K. Even for those compositions showing a peak

in the magnetization, the over all magnitude of magnetization at the peak temperature

is much less than that observed for the sample annealed at 200 ◦C. For the samples

heated at 1300 ◦C, the ZFC magnetization curves are shown in figure 5.3(d). Distinct

magnetic transitions are observed 100 and 125 K for the compositions up to x = 0.3,

with even higher magnetizations than that observed for 200 ◦C annealed samples. The

composition containing 20% Fe shows a double peak behavior in the ZFC magnetization

curve. The magnetic transition becomes broader for compositions with higher Fe content.

The composition with x = 0.5 shows a continuous rise in the magnetization with decreasing

temperature and exhibits a cusp at ∼27 K. For x = 0.5, the magnetization is very low for

all three annealed samples.

The changes in the magnitudes of magnetization of the annealed samples are clearly

visible from field dependence of magnetization recorded at 12 K, shown in figure 5.4. There

is no saturation of magnetization at a maximum magnetic field strength 15 kOe for any of

the samples. All the compositions annealed at 200 ◦C show distinct magnetic hysteresis

loops as can be seen from figure 5.4(a). The magnetization at 15 kOe is found to increase

with increasing Fe content up to x = 0.3 showing a magnetization value of 15.3 emu/g,

and then decreases for higher Fe concentration. Similarly a continuous enhancement in

coercivity is observed with increasing Fe content up to x = 0.3. Largest coercivity of

∼1830 Oe observed for x = 0.3. The coercivity is found to decrease for compositions

with x = 0.4 and x = 0.5. The composition with x = 0.5, also exhibits a distinct
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hysteresis loop having a coercivity 1280 Oe. The M-H curves of the 700 ◦C annealed

samples (figure 5.4(b)) show distinct loops. The M-H loops do not show saturation up to

a maximum magnetic field strength of 15 kOe and the magnetization shows a continuous

increase as observed in case of superparamagnetic systems. The magnetization is found to

decrease continuously with increasing Fe concentration with a maximum magnetization

of 14 eum/g for the composition with x = 0.1. The coercivity increases with x and a

maximum coercivity of 1345 Oe is observed for the composition with x = 0.4. Although,

the composition with x = 0.5 does not show any magnetic transition or cusp down to

12 K, it exhibits a clear hysteresis loop but with s smaller coercivity than that of x =

0.4, indicating that the sample is not truly paramagnetic. For the samples annealed at

1300 ◦C, the field dependence of magnetization is shown in figure 5.4(c). Enhancement

in the magnetization is observed as compared to the compositions annealed at lower

temperatures. The composition with x = 0.2 shows a maximum magnetization of 42

emu/g, almost three times that observed for the sample annealed at 200 ◦C. A continuous

decrease in the magnetization is observed for the compositions with higher Fe content.

However, no regular trend is observed in the coercivity of the samples annealed at 1300

◦C. The largest coercivity of 1180 Oe is obtained for x = 0.1 and the lowest coercivity of

250 Oe is observed for x = 0.2.

The temperature dependence of the magnetization of the corresponding compositions

for samples annealed at 200 and 1300 ◦C is almost similar, except for the difference

the the magnitude of magnetization and coercivity. The larger coercivities and lower

magnetizations of the samples annealed at 200 ◦C are likely to be due to the smaller

particle sizes of these samples. The relatively lower magnetizations and the nature of the

magnetization curves of the samples annealed at 700 ◦C suggest different type of magnetic

phenomena of these samples.

5.5 IR Spectroscopic Studies

The IR spectra of the different compositions in the series LaMn1−xFexO3, annealed at

different temperatures, are shown in figure 5.5. For the perovskite ABO3, the B-O bond

stretching vibration of the BO6 octahedra (ν1 of the IR active F1u mode of vibration) is

observed in the 500 to 700 cm−1 region [26, 29]. Wu et al. have reported the IR spectral
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Figure 5.5: IR spectra of different compositions in LaMn1−xFexO3 series annealed at (a)
200 ◦C, (b) 700 ◦C and (c) 1300 ◦C.
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data of LaMn1−xFexO3 in the entire compositional range, for samples synthesized by a low

temperature method and calcined at 950 ◦C [26]. It has been shown that the band due to

ν1 stretching vibration observed at 610 cm−1 for LaMnO3 is shifted to 568 −1 for LaFeO3,

indicating that the Fe-O bond has more ionic character. For LaMn0.5Fe0.5O3, this band

was observed at 606 −1. The decreasing vibrational frequency of the ν1 mode has been

shown to be resulting from the joint action of the Mn-O and Fe-O stretching vibrations,

indicating that geometrical factors are more predominant than electronic factors in the

system. Therefore, a symmetric band is expected if the Mn3+ and Fe3+ ions are distributed

uniformly in the B site of the perovskite lattice and the band becomes nonsymmetric if

the distribution is nonuniform or when clustering occurs. The spectra shown in figure 5.5

reveal changes in the structure of the vibrational band with annealing. For the samples

annealed at 200 ◦C, the stretching frequency is ∼600 cm−1, with a broad shoulder towards

higher frequencies. However, a more symmetric band is observed for the samples annealed

at 700 ◦C at ∼606 cm−1, similar to that reported by Wu et al. [26]. For the samples

annealed at at 1300 ◦C, the band is shifted to ∼610 cm−1, with a shoulder at ∼570 cm−1.

Since all the samples annealed at different temperatures show different IR spectral

features, it is reasonable to believe that some kind of clustering occurs in these samples.

Since the samples annealed at 700 ◦C show symmetric IR bands and those annealed at

200 ◦C and 1300 ◦C show shoulders at higher and lower frequencies, respectively, it may

be assumed that Mn-rich and Fe-rich clusters are present in the latter samples. Similarly,

some unusual features, such as peak in the ZFC magnetization for samples with higher

Fe concentration at 65 K, then the disappearance of the peak after annealing at 700 ◦C

and stilling showing a distinct hysteresis loop, and again an enhanced magnetization after

annealing to 1300 ◦C are observed for the composition with x = 0.5, apart from the

changes in the features in the IR band. Hence, detailed studies are further carried out on

this composition. Hereafter, the composition with x = 0.5 annealed at 200 ◦C, 700 ◦C,

and 1300 ◦C, are referred to as LMF200, LMF700, and LMF1300, respectively.

5.6 Mössbauer Studies on LaMn0.5Fe0.5O3

The Mössbauer spectra of the samples annealed at 200 ◦C, 700 ◦C and 1300 ◦C, shown

in figure 5.6, were recorded at room temperature in order to identify the oxidation state
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Figure 5.6: Room temperature Mössbauer spectra of LaMn0.5Fe0.5O3 annealed at a) 200
◦C, b) 700 ◦C and c) 1300 ◦C.

of Fe. The Mössbauer spectra show only doublets for all the samples indicating their

paramagnetic nature. The isomer shifts of the samples annealed at 200 ◦C, 700 ◦C and

1300 ◦C are 0.33, 0.43 and 0.40 mm/s respectively. The observed isomer shift values in

the present case are comparable to the values reported for the perovskite oxides LaFeO3

and SrFeO2.5 [30, 31] containing high spin Fe3+ ions. This indicates that the Fe ions are

present in the trivalent high-spin state in all three samples. The isomer shift values are

also comparable to the literature reported value for LaMn0.5Fe0.5O3 [23]. The spectra are

found to be identical to that reported by De et al. [23], where LaMn0.5Fe0.5O3 synthesized

at a low temperature and heated to 950 ◦C exhibits a large difference between the FC

and ZFC magnetizations below 260 K. The latter observation is explained in terms of

some local magnetic ordering. Tong et al. [28] have suggested the possibility of double

exchange between Mn3+ (d4) and Fe3+ (d5), to explain the origin of ferromagnetism in

LaMn1−xFexO3 (x ≤ 0.4), where similar doublet and isomer shift are observed. What is

more interesting is the fact that the isomer shift initially increases to a larger value and

then decreases. This is possible if the local environment of the Fe3+ ions is changed which

affects the s-electron density. It may be assumed that the changes are due to the variation
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Figure 5.7: Temperature variation of the inverse of the magnetic susceptibility of LMF200,
LMF700, and LMF1300.

in the degree of distribution of the Fe3+ ions in the lattice, so that larger shift is observed

when the disorder is more, as reported for other systems [32,33].

5.7 Susceptibility studies on LaMn0.5Fe0.5O3

Although no strong magnetic signal or indication for any magnetic transition is observed

from low field ZFC magnetization studies down to 12 K (see figure 1.3 c), the field depen-

dent magnetization at 12 K shows a magnetic hysteresis loop (see figure 1.4 b) indicating

the contribution from some ferromagnetic or ordered phase in LMF700. However, the

magnetic susceptibility studies show the evidence for ferromagnetic exchange interactions

in the sample annealed at 700 ◦C. Figure 5.7 shows the temperature dependence of the

inverse of the magnetic susceptibility for the sample LMF200, LMF700 and LMF1300,

measured in a magnetic field of 5000 Oe. Curie-Weiss behavior, χ = C/(T-Θ), is observed

for all the samples at higher temperatures (≥150 K). From least squares fit to the data

in the linear region above 150 K, the effective paramagnetic moment, µeff = 2.828
√

C,

where C is the Curie constant, is obtained as 8.31, 5.64, and 3.63 µB, respectively, for
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LMF200, LMF700, and LMF1300. Assuming that the samples contain only Mn3+ (S =

2) and Fe3+ (S = 5/2) ions, the spin only magnetic moment µso for LaMn0.5Fe0.5O3 is

calculated as µso = [0.5µ2
Mn + 0.5µ2

Fe]
1/2 = 5.43µB, where µ = [4S(S + 1)]1/2. For the

Mn4+ (S=3/2) and Fe2+ (S = 2) combination, µso = 4.42µB. The experimental value of

the magnetic moment of LMF700 is comparable to the spin-only value for the Mn3+/Fe3+

combination indicating that Mn and Fe ions are present in their trivalent high-spin states.

On the other hand, the large value of the experimental moment of LMF200 is similar to

that observed for superparamagnetic systems and is indicative of ferromagnetic clusters

in the sample. The ferromagnetic clusters are likely to contain Mn3+ and Fe3+ ions with

Mn3+-O-Fe3+ and/or Mn3+-O-Mn3+ ferromagnetic superexchange interactions. The para-

magnetic Curie temperature, Θ, is obtained as 34, 78, and 156 K for LMF200, LMF700,

and LMF1300, respectively. The positive values of Θ are indicating the presence of fer-

romagnetic exchange interactions. The increasing value of Θ with increasing annealing

temperature is indicative of increasing strength of the ferromagnetic exchange interactions.

The very low value of Θ for LMF200 suggests that there are more antiferromagnetic in-

teractions present in the samples, pointing to the formation of larger Fe3+-O-Fe3+ clusters

with antiferromagnetic exchange interactions. From the larger effective magnetic moment

and smaller Θ of this sample, it can be assumed that the sample contains small Mn-rich

clusters contributing to the superparamagnetic behavior. Then the larger values of Θ

and smaller values of the effective moments of LMF1300 favor a conclusion in terms of

larger Mn-rich clusters with stronger ferromagnetic exchange interactions. Thus, from

the magnetic susceptibility studies, it can be concluded that the samples annealed at

lower temperatures contain small Mn-rich clusters and larger Fe-rich clusters whereas the

high-temperature annealed samples contain larger Mn-rich clusters.

5.8 IR Spectra of LaMn0.5Fe0.5O3

The IR spectra of LMF200, LMF700 and LMF1300 are compared in figure 5.8 . The

200 ◦C annealed sample show major features of LaFeO3 with minor features of LaMnO3

whereas the 1300 ◦C annealed sample show major features of LaMnO3 and minor fea-

tures due to LaFeO3. However, the 700 ◦C annealed sample do not show any individual

features of the end members. The IR spectral observations can be explained in terms
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Figure 5.8: IR spectra of LaMn0.5Fe0.5O3 annealed at a) 200 ◦C, b) 700 ◦C and c) 1300
◦C.

of the formation of clusters due to nonuniform distribution of Mn3+ and Fe3+ ions in

the lattice. In the 200 ◦C annealed sample, there are larger clusters involving Fe3+ ions

and smaller clusters involving Mn3+ ions whereas in 1300 ◦C annealed samples, there are

larger clusters involving Mn3+ ions and smaller clusters of Fe3+. On the other hand, these

ions are distributed more uniformly in 700 ◦C annealed compositions, but probably with

smaller clusters. The IR spectral data support the conclusions drawn from the magnetic

susceptibility studies.

5.9 EPR Studies on LaMn0.5Fe0.5O3

The EPR spectra of LMF200, LMF700 and LMF1300 recorded at room temperature are

shown in figure 5.9. Large changes are observed in the intensities and widths of the

spectra, when the samples are heated at higher temperatures. On the other hand, the

resonance field remains the same for all three samples. For the samples annealed at 700 ◦C,

the intensity of the EPR signal is reduced to almost half of that of the sample annealed

at 200 ◦C, whereas the peak-to-peak linewidth increases from 448 to 655 Gauss. For
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Figure 5.9: EPR spectra of LaMn0.5Fe0.5O3 at 300 K, for samples annealed at different
temperatures. Inset, comparison of the EPR spectra of LMF700 and La0.7Ca0.3MnO3

(LCM).

1300 ◦C annealed sample, the EPR signal becomes extremely broad with a peak-to-peak

linewidth of 1790 Gauss. Although the signal becomes broad, the intensity is found to

increase when compared to that of the 700 ◦C annealed sample. In the La-site substituted

manganites, where the EPR signal is due to the Mn3+/Mn4+ pairs or interaction, the

g value is close to 2.0 as shown in the inset of figure 5.9 for La0.7Ca0.3MnO3 . EPR

signal from Fe3+ centers is also expected to give a g value of ∼ 2.0. However, the g

values are close to 2.07 for all three samples and this indicates that Mn3+/Fe3+ pairs are

responsible for the resonance. The relative integrated area under the EPR curve is found

to decrease from 2.4 for the sample annealed at 200 ◦C to 1 for the sample annealed at

700 ◦C and then increased to 3.9 for the 1300 ◦C annealed sample. The area under the

resonance curve is related to the number of unpaired spins contributing to paramagnetic

susceptibility. Mössbauer spectral data clearly indicated that Fe3+ ions are present in their

high-spin trivalent oxidation states. In fact the changes in the intensities and area under

the curves of the EPR signals can be directly correlated with the changes in the magnitude

of the magnetization at low temperatures. Thus, the initial decrease and further large
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increase in the susceptibility may be explained in terms of the corresponding changes in

the Mn3+/Fe3+ interactions. Assuming that only Mn3+ and Fe3+ ions are present in all

the samples, the changes in the EPR data may be explained in terms of the distribution

of these ions in the perovskite lattice. This degree of distribution is then responsible

for the magnetic properties also. The changes in the peak-to-peak linewidth is a direct

measure of the magnetic exchange interactions and the linewidth increases because of the

weakening of the exchange field. For example, Gutierrez et al. [34] have reported that

the width of resonance line increases with Fe content in La0.7Pb0.3Mn1−xFexO3, and this

corresponds to a decrease of the exchange narrowing, indicating lowering of the strength

of the ferromagnetic interactions. Compositions with larger Fe content show spin-glass-

like behavior due to the antiferromagnetic coupling between Mn and Fe ions forming

ferromagnetic clusters. On the other hand, Rubinstein et al. [13] have shown that in

the case of La0.67Ca0.33Mn1−xMxO3 (M = Co,Ni) the EPR linewidth increases drastically

with Co substitution and weakens the signal whereas for Ni substitution the changes are

very little. Rapid spin-lattice relaxation of Co ion and smaller spin-lattice relaxation

mechanism for Ni are shown to be responsible for this difference. Blanco et al. observed

that the effect of line broadening due to Fe substitution is in between that due to Co and

Ni substitution for Mn in Nd0.7A0.3Mn1−xMxO3 (A = Pb, Cd; M = Co, Ni) [14].

5.10 Discussion

The magnetic properties of the different LaMn0.5Fe0.5O3 samples can now be explained

based on the observations from different measurements. In LMF200, the magnetic ex-

change interactions in the small Mn-rich clusters are ferromagnetic and large Fe-rich

clusters are antiferromagnetic, as shown by Tanaka et al. [35]. The peak observed in

the ZFC magnetization curve is likely to be due to an antiferromagnetic transition or a

superparamagnetic blocking transition due to the small Mn-rich ferromagnetic clusters.

The large value of the effective magnetic moment of this sample and the lower value of

the Weiss temperature because of antiferromagnetic contributions is an evidence for these

conclusions. In the case of LMF700 showing some peculiar properties such as relatively

large isomer shift, lower magnetization and EPR intensity, symmetric IR band, and µeff

closer to the spin-only value for Fe3+/Mn3+ combination, the Mn3+ and Fe3+ ions are
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distributed somewhat uniformly in the lattice. However, still there is some contribution

from a ferromagnetic like phase as evidenced by the magnetic hysteresi loops with very low

magnetization and this is likely to be due to some isolated Mn rich clusters. In LMF1300,

there are more and bigger ferromagnetic Mn-rich clusters so that the IR spectra resem-

ble that of LaMnO3 and some antiferromagnetic Fe-rich clusters which give rise to the

antiferromagnetic transition, observed as a small shoulder at ∼70 K, the temperature at

which a transition is observed in LMF200. Annealing at higher temperatures leads to a

kind of phase separation with more Fe-rich and Mn-rich clusters.

In the case of LaMn0.5Co0.5O3 and LaMn0.5Ni0.5O3 which are ferromagnetic with tran-

sition temperatures of 230 K and 280 K respectively [25,36], for their high-TC phases, the

magnetic ions are high-spin Mn3+ and low-spin Co3+/Ni3+. When these compounds are

synthesized by the low-temperature method and annealed at 200 ◦C, the magnetic tran-

sition temperature is ∼150 K and the magnetic ions are present as Mn4+ and Co2+/Ni2+.

It may be argued that the same scenario is possible in LaMn0.5Fe0.5O3 also with the

contributions from Mn3+/Fe3+ and Mn4+/Fe2+ combinations giving rise to the observed

magnetic properties for the samples annealed at different temperatures. However, as no

evidence for Fe2+ is obtained in any of the samples from Mössbauer studies, the latter

case can be ruled out. Also, the EPR spectral results are not in favor of Mn4+/Fe2+

combination. Moreover, if it is assumed that Mn4+ and Fe2+ ions are present in LMF700

and these ions are distributed more uniformly in the lattice as deduced from the IR data,

the experimental value of the effective magnetic moment obtained from the magnetic sus-

ceptibility data is much larger than the spin-only moment for the combination of these

ions. Tong et al. [28], from the magnetic, EPR and Mössbauer studies on LaMn1−xFexO3

up to x = 0.4, have argued that double exchange interaction between Mn3+ and Fe3+ ions

is responsible for ferromagnetism and that the Fe3+ may be in the intermediate spin state

(t2g
4 e1

g). However, studies on substitution of Fe for Mn in the A-site substituted CMR

manganites show that Fe3+ ions are in their high-spin state. If it is assumed that Mn3+

and Fe3+ in their high-spin states are present in LMF700, then, because of the identical

ionic sizes of these ions, they will be distributed randomly in the B-site of the perovskite

lattice, so that some magnetic clusters will be formed. If the sizes of these clusters are

very small, they will behave like superparamagnetic clusters. This way one can explain
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the origin of the superparamagnetic contribution in the sample. In fact, from studies on

gradual substitution of Fe3+ for Co3+ in LaMn0.5Co0.5O3 it has been shown that a random

distribution of Mn3+ and Fe3+ ions in the lattice is responsible for the destruction of long

range ferromagnetic order in LaMn0.5Fe0.5O3.3 [37].

Based on the detailed studies on x = 0.5, and the evidences obtained from the

Mössbauer and the IR Studies, the observed magnetic properties of different composi-

tions in the LaMn1−xFexO3 series annealed at different temperatures can be explained in

terms of the formation of different sized clusters involving Mn3+ and Fe3+ ions. The sam-

ples annealed at 200 ◦C contain larger Fe rich clusters. As can be seen from the IR data,

these compositions show more features of LaFeO3 and minor features of LaMnO3. The

samples annealed at 700 ◦C, are likely to have almost uniform distribution of Mn3+ and

Fe3+ ions, with the presence of smaller and uniform sized clusters. However, still there

is some contribution from a ferromagnetic like phase in these samples as evidenced from

the low magnetization observed from the M-H measurements. This can be attributed

to the presence of some isolated Mn clusters in the samples. In the case of the samples

annealed at 1300 ◦C, the sharp magnetic transitions and enhanced magnetization indicate

the presence of larger Mn rich ferromagnetic clusters and smaller Fe-rich antiferromagnetic

clusters in these samples.

5.11 Conclusions

The magnetic and structural properties of LaMn1−xFexO3 (0.1 ≤ x ≤ 0.5), synthesized by

a low temperature combustion method have been studied in detail in order to understand

the origin of the absence of ferromagnetism when Mn is substituted by Fe in LaMnO3.

The magnetic properties are found to be very sensitive to the processing temperatures.

For the low temperature synthesized samples annealed at 200 ◦C, the magnetic transition

is found to become weak and broad with increasing Fe content. However, the samples

annealed at 700 ◦C very weak magnetism is observed for all compositions and no magnetic

transition at all is observed for x = 0.5 down to 12 K. However, the M-H curve recorded

at 12 K shows that this sample is not truly paramagnetic. The samples annealed at 1300

◦C show enhanced magnetization at 12 K for all the compositions and distinct magnetic

transitions, indicating the presence of magnetic order in all the compositions, including x
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= 0.5.

Previous studies on LaMn0.5Fe0.5O3 have reported widely differing magnetic prop-

erties for this compound. No ferromagnetism in the compound was observed down to

liquid nitrogen temperature in an earlier report whereas recent studies showed weak fer-

romagnetic contributions below 250 K. The samples in the reported studies are made by

different methods and processed at different temperatures. We have studied the magnetic

properties of the compound synthesized by a low-temperature method and heated at dif-

ferent temperatures in the temperature range 200 ◦C to 1300 ◦C. Mössbauer, EPR and

IR spectroscopic studies along with the magnetic data give information on the changes

in the distribution of the Mn3+ and Fe3+ ions in the compound when processed at differ-

ent temperatures. When Mn-rich and/or Fe-rich clusters with different sizes are formed,

the compound shows predominant ferromagnetic or antiferromagnetic character whereas

more uniform distribution of these ions makes it nonmagnetic. Thus, from the present

study, the interesting magnetic properties observed for polycrystalline LaMn1−xFexO3 can

be explained based on a two-phase model where the degree of distribution of Mn and Fe

ions in the lattice varies when the compound is annealed at different temperatures.
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