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ABSTRACT

A simple route to prepare Gd,;Sr,3sMnO; nanoparticles by ultrasonication of their
bulk powder materials was presented. The Gdy7Sr,3MnO; nanoparticles were also
prepared by high energy ball milling technique. The transmission electron
microscopic imaging demonstrated the formation of nanoparticles with average size
varied from 20-40 nm and 100-150 nm, respectively by using ultrasonication and ball
milling techniques. The bulk materials as well as nanoparticles synthesized by
ultrasonication technique exhibited a paramagnetic to spin-glass transition at 35-40 K.
On the contrary, nanoparticles synthesized by ball milling technique did not show any
phase transition, however, an upturn of magnetization was observed at low
temperature. A drastic change in the magnetic properties of ball milled
Gdy 7S1,3MnO3 nanoparticles than that of ultrasonically prepared nanoparticles and
their corresponding bulk materials was observed. The degradation of the magnetic
properties in ball milled nanoparticles may be associated with the contamination,
amorphorization and formation of a nonmagnetic layer around the surface of the these
nanoparticles. The outcome of this investigation demonstrated the potentially of
ultrasonication technique as a physical route to prepare rare-earth based manganite

nanoparticles.
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Chapterl Introduction

CHAPTER 1
INTRODUCTION

1.1 Introduction

Magnetic properties of mixed valence perovskite manganites R xAMnOs (R =
La, Gd, Pr, Nd, Sm etc and A = Sr, Ba and Ca) at the nanometer scale are currently the
focus of intense investigations due to their interesting physical properties as well as
potential technological applications [1-4]. When the size of the magnetic particles is
reduced to a few tens of nanometer, they exhibit fascinating magnetic and electronic
properties that are significantly different from their bulk counterparts [1, 5-8]. In these
manganite systems, the novel magnetic properties like Colossal Magnetoresistance
(CMR) phenomenon [9] are obtained around transition temperatures e.g. ferromagnetic to
paramagnetic transition (T.) [10]. However, the transition temperatures e.g. T, values for
the same material system were found to vary with particle size by different research
groups [10-12]. The conflicting results might be due to the influence of fabrication
process as well as different oxygen content of manganites [1]. The fabrication techniques
used for the preparation of manganites can influence the intrinsic properties of the sample
due to very small variations resulting in the stoichiometry, the Mn-O-Mn bond angle and
Mn-O bond length [1, 9]. Notably, the available chemical methods have had limited
success in the synthesis of hard magnetic nanoparticles [4, 13] with reduced particle
size(<100 nm) and a narrow size distribution. Therefore, the perovskite manganite
nanoparticles of various compositions were synthesized directly from bulk powder using
ball milling technique [12, 14]. The longer milling time produced successfully
nanoparticles from a few nanometers to several ten nanometers [12], however the
magnetic properties of the fine particles were found to degrade. Due to the high energy
ball milling the defects and surface roughness of Lag sSrg>,MnO3_s nanoparticles were also

found to increase [14].

Recently, Basith et. al. have synthesized Bi based multiferroic Bip¢Gdy Fe;.
x11xO3 nanoparticles by ultrasonication of their micro-meter size bulk powder materials

[15]. The variation of the size of Biy9GdyFe;«TixOs nanoparticles as a function of
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sonication time for a fixed power of the ultrasonic bath was reported [15]. The
transmission electron microscopy imaging confirmed the formation of single crystalline
nanoparticles with a mean size of 11-13 nm for 60 minutes sonication. In the present
investigation, we have synthesized nanoparticles of rare-earth based Gdy7Sro3;MnO; by
ultrasonication of their bulk powder materials [15] to compare the magnetic properties
between nanoparticles and their bulk counterparts. This compound was chosen due to the
fact that Gdy7Sro3MnO; contain significant amount of heavy rare earth Gd and the
magnetic properties of rare-earth based manganites are quite different than that of Bi
based nanostructures as reported in Ref. [16]. Moreover, a number of Gd-Sr manganites
[17] are well studied in the bulk form as a single crystal [18] and polycrystalline samples
[9]. This ultimately allowed us to compare extensively the magnetic properties of

Gdy.7Sry3MnOs nanoparticles and their bulk counterparts.

1.2 Objectives with specific aims
The main objectives of the present research are as follows:

(a) Preparation of composition of Gdy7Sry3MnQO; bulk perovskite manganites by using
solid state reaction method [19].

(b) Preparation of nanoparticlesk from bulk perovskite powder using ultrasonication
method [15] and ball milling technique.

(c) Investigation of the crystal structure of the bulk perovskite and nanoparticles of
Gd 7S1o3sMnOs using X-ray diffraction (XRD) technique.

(d) Investigation of the surface morphology of the as prepared sample using scanning
electron microscopy (SEM). Investigation of the particle size distribution of the
synthesized nanoparticles using Transmission Electron Microscopy (TEM)
imaging.

(e) Investigation of the existence of oxygen vacancies of Gdy7Sry3MnO; nanoparticle
and their bulk ceramic using X-ray photoelectron spectroscopy (XPS) technique.

(f) Measurements of the magnetic properties such as saturation magnetization (Mj),

remanent magnetization (M;) and coercivity (H.) of Gdy7Sro3MnOs bulk powder
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and nanoparticles from hysteresis loops by using Superconducting Quantum
Interference Device (SQUID).

(g) Investigation of the phase transition temperature of the bulk materials as well as
nanoparticles from temperature dependent magnetization measurements using

(SQUID) magnetometer.

1.3 Summary of the Thesis
The summary of the thesis is as follows:
Chapter 1 of this thesis deals with the introduction and importance of perovskite

manganite nanoparticles and objectives of the present work.

Chapter 2 gives a brief overview of the materials, theoretical background as well

as crystal structure of the perovskite manganites.

Chapter 3 gives the detailed description of the sample preparation and different

measurement techniques that have been used in this research work.

Chapter 4 is devoted to the results of various investigations of the study and

explanation of results in the light of existing theories.

The conclusions drawn from the overall experimental results and discussion are

presented in Chapter 5.
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CHAPTER 2
BACKGROUND

2.1 Introduction

Magnetism is a physical phenomenon first recorded around 600 BC by Greek
philosophers studying ferrite rocks (lodestone). Today it is one of the most important
properties of nature and is used in a multitude of technological devices from power plants
to computer chips. This is largely due to the interaction of magnets with electricity, which
is used to make electric motors. Magnetic materials are also found to be used in
computers as hard disk drives, due to huge capacity for storing digital information
securely. This, however, has been the result of years™ worth of investment in the research
and development of magnetic materials for hard disk recording. This investment has paid
off since the storage capacity of typical hard drives has effectively doubled every few
years since the 1980s. However, a point will soon be reached where there will be
fundamental physical limitations on data storage density [1]. In order to fulfill the
demand for high storage density a deeper understanding of the underlying physics

relating to the nanoscale is required.

2.2 Origin of Magnetism

The origin of magnetism lies in the orbital and spin motions of electrons and how
the electrons interact with one another. The best way to introduce the different types of
magnetism is to describe how materials respond to magnetic fields. It is just that some
materials are much more magnetic than others. The main distinction is that in some
materials there is no collective interaction of atomic magnetic moments, whereas in other
materials there is a very strong interaction between atomic moments. The magnetic
moment of an electron in orbit is given by

w=nr’ (ev/2nr) = evr/2 (2.1)
Where r is the radius of orbit, e is charge and v is the velocity
The angular momentum of an electron must be an integral multiple of Plank™s const.

Mvr = nh/2n (2.2)
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Where m is the mass and h is the Planck's const.
If the electron revolves in the first orbit then n=1
Therefore orbital magnetic moment of an electron is given by from (2.1) and (2.2)
u =eh/4mm (2.3)
This is known as Bohr magneton, the smallest possible orbital magnetic moment.

A simple electromagnet can be produced by wrapping copper wire into the form
of a coil and connecting the wire to a battery. A magnetic field is created in the coil but it
remains there only while electricity flows through the wire. The field created by the
magnet is associated with the motions and interactions of its electrons, the minute
charged particles which orbit the nucleus of each atom. Electricity is the movement of
electrons, whether in a wire or in an atom, so each atom represents a tiny permanent
magnet in its own right. The circulating electron produces its own orbital magnetic
moment, measured in Bohr magnetons (uz), and there is also a spin magnetic moment
associated with it due to the electron itself spinning, like the earth, on its own axis
(illustrated in Figure 2.1). In most materials there is resultant magnetic moment, due to
the electrons being grouped in pairs causing the magnetic moment to be cancelled by its

neighbor.

Figure 2.1. A spin magnetic moment associated with it due to the electron itself like the earth on its own

axis.

In certain magnetic materials the magnetic moments of a large proportion of the
electrons align, producing a unified magnetic field. The field produced in the material (or

by an electromagnet) has a direction of flow and any magnet will experience a force
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trying to align it with an externally applied field. The smallest possible magnetic moment
due to spin of the electron is p =eh/4mm. According to quantum theory the spin of
electrons have only two possibilities +1/2 or -1/2. Similar to eqn. (2.3) we can write in
the form

u=(e/2m) S (2.4)
Where S is the spin quantum number.

In short,

u=g.(e/2m).S (2.5)
Here g is the term known as g- factor. When g=2, the spin contribution arises and when
g=1 the orbital contribution arises. The mass of the nucleus is so large that the magnetic
moment contribution can be neglected compared to the electronic magnetic moment. The
gyromagnetic ratio is proportional to the g-factor and 'g' arises due to the precession of
the electrons similar to the precession of a top in a gravitational force. The value of g tells

us whether the origin of magnetic moment is spin or orbital motion of electrons.

2.3 Magnetic moment of atoms

The strength of a magnetic dipole, called the magnetic dipole moment, may be
thought of as a measure of a dipole's ability to turn itself into alignment with a given
external magnetic field. In a uniform magnetic field, the magnitude of the dipole moment
is proportional to the maximum amount of torque on the dipole, which occurs when the
dipole is at right angles to the magnetic field [2].

The magnetic moment or magnetic dipole moment is a measure of the strength of a
magnetic source. In the simplest case of a current loop, the magnetic moment is defined

as:

u, =1I|da (2.6)
Where a is the vector area of the current loop, and the current, / is constant. By
convention, the direction of the vector area is given by the right hand rule (moving one's

right hand in the current direction around the loop, when the palm of the hand is

,touching™ the loop's surface, and the straight thumb indicate the direction).
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In the more complicated case of a spinning charged solid, the magnetic moment can be
found by the following equation:

tm = [ 7 X Tdr 2.7)
where, dr = r’sin dr dO dp, J is the current density.

Magnetic moment can be explained by a bar magnet which has magnetic poles of
equal magnitude but opposite polarity. Each pole is the source of magnetic force which
weakens with distance. Since magnetic poles come in pairs, their forces interfere with
each other because while one pole pulls, the other repels. This interference is greatest
when the poles are close to each other i.e. when the bar magnet is short. The magnetic
force produced by a bar magnet, at a given point in space, therefore depends on two
factors: on both the strength P of its poles and on the distance d separating them. The
force is proportional to the product, u= PR, where, u describes the ,,magnetic moment™ or
,»dipole moment” of the magnet along a distance R and its direction as the angle between
R and the axis of the bar magnet. Magnetism can be created by electric current in loops
and coils so any current circulating in a planar loop produces a magnetic moment whose
magnitude is equal to the product of the current and the area of the loop. When any
charged particle is rotating, it behaves like a current loop with a magnetic moment.

The equation for magnetic moment in the current-carrying loop, carrying current I and of

area vector a for which the magnitude is given by:

-

u, =1la 2.8)
where, u,1s the magnetic moment, a vector measured in ampere-square meters, or
equivalent joules per tesla, / is the current, a scalar measured in amperes, and is the loop

area vector, having as X, y and z coordinates the area in square meters of the projection of

the loop into the yz-, zx- and xy-planes.

2.4 Magnetic moment of electrons

The electron is a negatively charged particle with angular momentum. A rotating
electrically charged body in classical electrodynamics causes a magnetic dipole effect
creating magnetic poles of equal magnitude but opposite polarity like a bar magnet. For

magnetic dipoles, the dipole moment points from the magnetic south to the magnetic

10
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north pole. The electron exists in a magnetic field which exerts a torque opposing its
alignment creating a potential energy that depends on its orientation with respect to the
field. The magnetic energy of an electron is approximately twice what it should be in
classical mechanics. The factor of two multiplying the electron spin angular momentum
comes from the fact that it is twice as effective in producing magnetic moment. This
factor is called the electronic spin g-factor. The persistent early spectroscopists, such as
Alfred Lande, worked out a way to calculate the effect of the various directions of
angular momenta. The resulting geometric factor is called the Lande g-factor.
The intrinsic magnetic moment of a particle with charge ¢, mass m, and spin s, is s

Ay =g5§ (2.9)
where, the dimensionless quantity g is called the g-factor. The g-factor is an essential
value related to the magnetic moment of the subatomic particles and corrects for the
precession of the angular momentum. One of the triumphs of the theory of quantum
electrodynamics is its accurate prediction of the electron g factor, which has been
experimentally determined to have the value 2.002319. The value of 2 arises from the
Dirac equation, a fundamental equation connecting the electron's spin with its
electromagnetic properties, and the correction of 0.002319, called the anomalous
magnetic dipole moment of the electron, arises from the electron's interaction with virtual
photons in quantum electrodynamics. Reduction of the Dirac equation for an electron in a
magnetic field to its non-relativistic limit yields the Schrodinger equation with a
correction term which takes account of the interaction of the electron's intrinsic magnetic
moment with the magnetic field giving the correct energy [2]. The total spin magnetic

moment of the electron is

A, =—g, 1, (5 /) (2.10)
where g;= 2 in Dirac mechanics, but is slightly larger due to Quantum Electrodynamics
effects, up 1s the Bohr magneton and s is the electron spin. The z component of the
electron magnetic moment is

Ty ==g, tiym, 2.11)
where, m; is the spin quantum number. The total magnetic dipole moment due to orbital

angular momentum is given by

11
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i =——L=—pJI(I+1) (2.12)

2m

e

where, up is the Bohr magneton. The z-component of the orbital magnetic dipole moment
for an electron with a magnetic quantum number m, is given by

My =—ppm, (2.13)

2.5 Magnetic Behavior

The magnetic properties of a matter are fundamentally the result of the electrons
of the atom, which have a magnetic moment by means of the electron motion. There are
two types of electronic motion, spin and orbital, and each has a magnetic moment
associated with it. Since the response of a material to a magnetic field (H) is
characteristic of the magnetic induction or the flux density (B) and the effect that a
material has upon the magnetic induction in a magnetic field is represented by the
magnetization (M). Thus a universal equation can be established, relating these three
magnetic quantities, by

B = uy(H+M) (2.14)
B=uH (2.15)
where, 1y 1s a universal constant of permeability in a free space and u is the permeability
of a material. In equation (2.14), one can see that uyH is the magnetic induction generated
by the field alone and uyM is the additional magnetic induction contributed by a material.

The magnetic susceptibility (y) is defined as the ratio of magnetization to magnetic field

2= (2.16)

The permeability and susceptibility of a material is correlated with respect to each other
by
w=po(1+y) (2.17)

The magnetic behavior of materials can be classified into the following five major

groups:

1. Diamagnetism

2. Paramagnetism

12
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3. Ferromagnetism
4. Antiferromagnetism

5. Ferrimagnetism

2.5.1 Diamagnetism

M3

P

=

(e)
A¢A¢A¢A AlAYAVA
A A A A AITAIALIA
Iy W

(c) - (d)

Figure 2.2: Varieties of magnetic orderings (a) paramagnetic, (b) ferromagnetic, (c) ferrimagnetic, (d)
antiferromagnetic and (e) superparamagnetic.
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Diamagnetism is a fundamental property of all matter, although it is usually very
weak. It is due to the non-cooperative behavior of orbiting electrons when exposed to an
applied magnetic field. Diamagnetic substances are composed of atoms which have no
net magnetic moments (i.e., all the orbital shells are filled and there are no unpaired
electrons). However, when exposed to a field, a negative magnetization is produced and
thus the susceptibility is negative. It obeys Lenz's law. The other characteristic behavior
of diamagnetic materials is that the susceptibility is temperature independent. The typical
values of susceptibility on the order of 10 to 10°. Most of the materials are diamagnetic,

including Cu, B, S, N2 and most organic compounds.

2.5.2 Paramagnetism

Paramagnetic materials possess a permanent dipole moment due to incomplete
cancellation of electron spin and/or orbital magnetic moments (unpaired electrons). In the
absence of an applied magnetic field the dipole moments are randomly oriented; therefore
the material has no net macroscopic magnetization. When a field is applied these
moments tend to align by rotation towards the direction of the applied field and the
material acquires a net magnetization [4]. The magnetic moment can be oriented along an
applied field to give rise to a positive susceptibility and the values of susceptibility are
very small with the order of 10 to 10°. O,, NO, Mn and Cr are just a few examples of
the paramagnetic materials. The susceptibility of a paramagnetic material is inversely

dependent on temperature, which is known as Curie law (Figure 2.3a)

x=c (2.18)

where C is the Curie constant.

2.5.3 Ferromagnetism

Ferromagnetic material differs from diamagnetic and paramagnetic materials in
many different ways. In a ferromagnetic material, the exchange coupling between
neighboring moments leads the moments to align parallel with each other. In
ferromagnetic materials, this permanent magnetic moment is the result of the cooperative

interaction of large numbers of atomic spins in what are called domains regions where all
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spins are aligned in the same direction. The exchange force is a quantum mechanical
phenomenon due to the relative orientation of the spins of two electrons.

Therefore, the ferromagnetic materials generally can acquire a large
magnetization even in absence of a magnetic field, since all magnetic moments are easily
aligned together. The susceptibility of a ferromagnetic material does not follow the Curie
law, but displayed a modified behavior defined by Curie-Weiss law (Figure 2.3b).

e
-6
C is a constant and 0 is called Weiss constant. For ferromagnetic materials, the Weiss -

7 (2.19)

constant is almost identical to the Curie temperature (T.). At temperature below Tc, the
magnetic moments are ordered whereas above T, material losses magnetic ordering and
show paramagnetic character. The elements Fe, Ni, and Co and many of their alloys are

typical ferromagnetic materials.

(d)
(a)
(c)

Ty Te

Figure 2.3. The inverse susceptibility varies with temperature T for (a) paramagnetic, b) ferromagnetic, (c)
ferrimagnetic, (d) antiferromagnetic materials. Ty and T, are Néel temperature and Curie temperature,

respectively.

Two distinct characteristics of ferromagnetic materials are:

» Spontaneous magnetization and

» The existence of magnetic ordering temperature (Curie temperature)
The spontaneous magnetization is the net magnetization that exists inside a uniformly
magnetized microscopic volume in the absence of a field. The magnitude of this

magnetization, 0K, is dependent on the spin magnetic moments of electrons. The
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saturation magnetization is the maximum induced magnetic moment that can be obtained
in a magnetic field (Heat); beyond this field no further increase in magnetization occurs.
Saturation magnetization is an intrinsic property, independent of particle size but

dependent on temperature.

Even though electronic exchange forces in ferromagnets are very large, thermal
energy eventually overcomes the exchange and produces a randomizing effect. This
occurs at a particular temperature called the Curie temperature (T.). Bellow the Curie
temperature, the ferromagnet is ordered and above it, disordered. The saturation
magnetization goes to zero at the Curie temperature. The Curie temperature is also an

intrinsic property.

2.5.4 Antiferromagnetism

Antiferromagnetic material aligns the magnetic moments in a way that all
moments are anti-parallel to each other, the net moment is zero. The anti-ferromagnetic
susceptibility is followed the Curie-Weiss law with a negative  as in equation (2.19).
The inverse susceptibility as a function of temperature is shown in figure 2.3(d).
Common examples of materials with antiferromagnetic ordering include MnO, FeO, CoO

and NiO.

2.5.5 Ferrimagnetism

Ferrimagnetic material has the same anti-parallel alignment of magnetic moments
as an antiferromagnetic material does. However, the magnitude of magnetic moment in
one direction differs from that of the opposite direction. As a result, a net magnetic
moment remains in the absence of external magnetic field. The behavior of susceptibility
of a ferrimagnetic material also obeys Curie-Weiss law and has a negative 6 as well in
Fig. 2.3(c). In ionic compounds, such as oxides, more complex forms of magnetic
ordering can occur as a result of the crystal structure. The magnetic structure is composed
of two magnetic sublattices (called 4 and B) separated by oxygens. The exchange
interactions are mediated by the oxygen anions. When this happens, the interactions are

called indirect or superexchange interactions. The strongest superexchange interactions
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result in an antiparallel alignment of spins between the 4 and B sublattice. In
ferrimagnets, the magnetic moments of the 4 and B sublattices are not equal and result in
a net magnetic moment. Ferrimagnetisrn is therefore similar to ferromagnetism. It
exhibits all the hallmarks of ferromagnetic behavior like spontaneous magnetization,
Curie temperature, hysteresis, and remanence. However, ferro- and ferrimagnets have

very different magnetic ordering.

2.6 Hysteresis Loop

In addition to the Curie temperature and saturation magnetization, ferromagnets
and ferrimagnets can retain a memory of an applied field once it is removed. This
behavior is called hystresis and a plot of the variation of magnetization with magnetic
field is called a hysteresis loop. Another hysteresis property is the coercivity of
remanence (H,) as in Fig. 2.4. This is the reverse field which, when applied and then
removed, reduces the saturation remanence to zero is always larger than the coercive
force. The initial susceptibility (y,) is the magnetization in low fields, on the order of the
earths field (50-100 uT). The various hysteresis parameters are not solely intrinsic
properties but are dependent on grain size, domain state, stresses, and temperature.
Because hysteresis parameters are dependent on grain size, they are useful for magnetic

grain sizing of natural samples.

B Flux Densit
Y Saturation

Retentivity

AN

Coercivity
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H

Magnetizing Force
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Magnetizing Force
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Saturation

In Opposite Direction -B Flux Density

In Opposite Direction

Figure 2.4: M-H loop for ferromagnetic material.
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2.7 Micromagnetic energy terms

A number of different competitive micromagnetic energy terms contribute to the
total energy of a ferromagnetic specimen. A stable state is reached when the
micromagnetic energy is locally minimized. These energy terms are discussed in the

following sections.

2.7.1 Exchange energy

The exchange energy suggests a uniform magnetization and is at the origin of
ferromagnetic order. It is a consequence of the Pauli Exclusion Principle, which forbids
electrons with the same spins from having the same spatial wave function. To understand
ex-change energy in terms of the Pauli Exclusion Principle, let us consider that two atoms
with unpaired electrons approach each other. If the spins of these two electrons are
antiparallel to each other, the electrons will share a common orbit. Therefore, the
electrostatic Coulomb energy is increase. If, however, the spins of these two electrons are
parallel, they cannot share a common orbit because of the Pauli Exclusion Principle.
They form separate orbits and thus reduce the Coulomb interaction [5]. The exchange
energy between two interacting electrons is given by:

Cox = _2J128182 (220)

where J), is the exchange integral between the two electrons, which can be negative or
positive, and s;, s, their spin vectors. The total exchange energy for a solid is found by
summing the exchange over all electrons which contribute. In most cases this summation
need only be carried out for nearest neighbours. Thus, the total exchange energy for the
solid from all nearest neighbour spins is:

E.y = —2]JS? ¥;j cosyy; (2.21)
where S is the magnitude of the spin vector, y; is the angle between spins i1 and j. The
exchange integral for ferromagnetic materials is positive. The negative sign in the
expression then implies that a minimum exchange energy results from spins aligned
parallel. For antiferromagnetic coupling this exchange integral is negative, giving the

result that antiparallel alignment is preferred.
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2.7.2 Magnetostatic energy
Inside a magnetic specimen, the magnetic induction B is expressed as
B = (H+M) (2.22)
where uy is the permeability of free space, H is the magnetic field strength and M is the
magnetisation of the uniformly magnetised specimen. Using this relationship, the

divergence of M can be expressed as

VM="B (2.23)
Ho
From Maxwell*s equation,
VB=0 (2.24)
Therefore,
VH=-V.M (2.25)

This none zero divergence of magnetization at the sample surface and also from within
volume of the material give rise to field H that ensures the continuity of lines of B. This
field is known as the demagnetizing field or magnetostatic field or stray field Hg.
Therefore, we can write

VH¢=-VM (2.26)
The energy associated with this stray field Hy is given by:

Eq = =% [ M.HqaV (2.27)

E,; can be minimised by reducing the amount of magnetic charge that builds up at the

edges, surfaces and volume charges within the material.

2.7.3 Anisotropy energy

Magnetic anisotropy is related to the variations in the magnetic energy with the
spatial orientation of the magnetisation. A variety of anisotropy contributions are possible
such as intrinsic magnetocrystalline anisotropy, the magnetoelastic anisotropy, surface
anisotropy, field induced anisotropy etc. originated microscopically from the spin-orbit
coupling. Here we will describe magnetocrystalline and shape anisotropy which are

described in the following sections.

19



Chapter 2 Background

2.7.3.1 Magnetocrystalline anisotropy

Weiss [6] suggested that in a demagnetised single crystal the domain
magnetisations could lie in all directions. This would imply that measured magnetisation
curves for the crystal would be indistinguishable whatever the direction of the applied
field relative to the crystal axes. But experimental magnetisation curves revealed that
much smaller applied fields are required to induce a given magnetisation in some
directions of some materials, termed the easy directions, than in others. A deviation of the
magnetization from an easy axis leads to an increase in the anisotropy energy, which has
its maximum along a “hard axis”. In the case of cubic anisotropy, the energy, Ex can be

described by a series expansion:

E, = [[Ki(a?a? + aéa3 + ata?) + K,abaf]dV (2.28)
where a,, ap, a3 are the direction cosine of the magnetisation along 1, 2, 3, the respective
crystallographic axes and K;, K, are first and second magnetocrystalline anisotropic
constants, respectively, for the particular material. For example, for Ni, K; = —0.45 x
104J/m” so that the easy axes are along the body diagonals (111), while for Fe, K = 4.8 x
104J/m> and the easy axes are along along (100) [7]. These descriptions are only valid for
single crystal materials. In the case of the polycrystalline material, there is no overall
preferred axis for as the crystallites are randomly oriented with respect to each other.
Instead, the anisotropy direction varies from crystallite to crystallite, resulting in local
easy axes. The magnetisation ripple arises due to a deviation of the magnetisation from

uniformity and run perpendicular to the average direction of the magnetisation [8].
2.7.3.2 Shape anisotropy

The magnetic shape anisotropy is particularly important to the magnetic
configurations of the thin films and objects with reduced dimensions. It refers to the
magnetostatic effects of the system rather than the overlap of electron orbitals. When a
magnetic specimen is uniformly magnetised, the magnetic charges or free poles are
present at the surface of the specimen. This surface charge distribution is itself a source

of a magnetic field, called the demagnetising field. Figure 2.5 illustrates the
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magnetostatic dipole interactions in an ellipsoid specimen magnetised along the long and
short axes. It can be seen that free poles are separated by relatively long and short
distances in an ellipsoid. The long and short distance corresponds to the two directions of
magnetisation considered in the Fig. 2.5(a) and (b). The demagnetising field will be less
if the magnetisation is along the long axis rather than the short axes. This produces an
easy axis of magnetisation along the long axis. A sphere, on the other hand, has no shape
anisotropy. Inside a specimen with ellipsoid shape (Fig. 2.5), the demagnetising field, Hg,
is aligned oppositely to the direction of the magnetisation and the shape anisotropy

energy will be given by

Ek = fKeffSinz edv

Figure 2.5: Schematically the demagnetising field that arises depending on whether the ellipsoid is
magnetised along the (a) long or (b) short axis. (a) has lower demagnetizing field than (b) and was
indicated by the relative sizes of the red arrow sign.

Here,

_ (Np—Ng)M?

Kepp = 2@ (2.29)

where 0 is the angle between the long axis and the magnetisation direction, M is the
magnetisation, and N,, N, are demagnetising factors in the long and the short axes,
respectively. Beside magnetocrystalline and shape anisotropy, induced anisotropy can be
created by certain treatment procedures e.g. magnetic annealing, in which an external
magnetic field is applied during the heat treatment [9]. Another form of field induced
anisotropy is possible to create in thin films, particularly in Py film [10]. In this case, the
Py film is deposited on a substrate by evaporation in vacuum with a magnetic field
applied in the plane of the substrate. As a result, the direction of the field is subsequently

found to be an easy direction for the spontaneous magnetisation.
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2.7.4 Zeeman energy

When the specimen is placed in an external field, the magnetic moments within
the specimen will tend to align parallel to the applied field. The Zeeman energy takes into

account the orientation of the magnetisation with respect to the applied field and is given
by:

E, = —uo [ M.HdV (2.30)
Where,  is the permeability of free space.

2.7.5 Total energy

The total energy of a ferromagnetic specimen is the sum of the individual energy
terms which were described in the previous sections

Eiotal = Eex + Ex + E, + Eq

(2.31)
and the magnetic configuration (domain structure discussed in the next section) is a direct
consequence of its local or global minimisation.

2.8 Magnetic domains and domain walls

2.8.1 Magnetic domains
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Figure 2.6: Domain structure in a uniaxial single crystal [11].
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Initially proposed by Weiss in 1906 domain theory is now central to
understanding the magnetisation processes in magnetic materials. Domains form to
reduce the magnetostatic energy of a magnetic material, the energy stored in the field
which attempts to demagnetise the sample. This process is shown schematically in Figure

2.6 for a material with strong uniaxial anisotropy (e.g. Co) [11].

The schematic shows that when a magnetic material is saturated in one direction
an opposing field is created, this is the demagnetising field Hp which stores the
magnetostatic energy Ems. The magnetostatic energy is dependent primarily on the
magnitude of the magnetisation of the sample. To reduce this magnetisation, and
therefore Ems, a magnetic material breaks into domains [11]. Each domain contains
magnetic moments aligned parallel to each other. Their magnetic moments preferentially
lie along the easy axes of the material. In the uniaxial material in Figure 2.7, the domains
form with magnetisation aligned anti-parallel along the easy axis, reducing the
demagnetising field and Ey. It is also possible for the material to break into more than
two domains to further reduce Hp. In systems with cubic anisotropy (like Heusler alloys)

the domain structure is often more complex.

N

(010) (110)

(100)
{100)

Figure 2.7: Domain structures in cubic materials [12].

In materials with cubic anisotropy it is possible to have more than one easy axis.
This results in domains that can have their magnetisation aligned at 90° to one another
and not just 180°. In Figure 2.7, we see the typical domain structure for a material where
the anisotropy is cubic with an easy axis along the cube edge, [100], and intermediate

axis along the face diagonal, [110]. If the crystal is cut so that a face is formed with [100]
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and [010] edges all the domains are equal and align at 90° to one another in a ,,flux
closure®™ configuration. This means that the magnetostatic energy is reduced to zero as
there is no stray field. For the situation where the crystal is cut with a face with edges of
[100] and [110] the domains along the easy axis become elongated relative to those at
90°. As a result a system is formed where a domain can have adjacent domains aligned
simultaneously at 90° or 180°. This is important for single crystal Heusler alloy films as

the induced small uniaxial anisotropy can result in a similar domain formation [13].

2.8.2 Magnetic domain walls

The interface between neighboring domains is not abrupt. The change in direction
of moments occurs over some finite length, typically tens of nm. The magnetisation
reverses through a series of slight rotations of the localised moments in the boundary
region. These boundary regions are known as domain walls. There are two types of
domain walls, Bloch walls and Néel walls, named after their respective discoverers. The
difference between the two types of wall comes down to the way in which the magnetic

moments rotate through the wall [14].

:
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Figure 2.8: Schematic diagrams of 180° a) Bloch and b) Néel domain walls.

As shown in Figure 2.8, Bloch walls change the direction of the magnetisation
through confinement of the rotation of magnetic moments to the plane parallel to the

domain wall. Bloch walls occur when the magnetic moments rotate perpendicular to the
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plane of the domain wall. Bloch walls occur in bulk samples. However, in thin films they
create free poles at the sample surface which contribute significant magnetostatic energy
to the system. To reduce this energy, Néel walls form which rotate in the plane so that

free poles don®t appear at the film surface [13].

2.9 Magnetoresistance

One of the most fascinating magnetic-electrical properties of a magnetic is the
magnetoresistance (MR) effect, which means the resistance of a material will change
with the presence of an external magnetic field. This effect universally exists in most of
the materials because of the interaction between the magnetic field and the conduction
carriers. For nonmagnetic materials such as copper and gold, the MR effect is relatively
inconspicuous compared to magnetic materials such as iron, nickel and cobalt.

Magnetoresistance (MR) is the change in resistance of the material under the

application of externally applied magnetic field, H. The MR can be defined as

MR% = % x 100 (2.32)

where py and p, are the resistivities at a given temperature in the presence and absence
of magnetic field, H respectively [15]. Manganites exhibit large negative MR under the
application of magnetic field. In the following paragraphs a brief description about

various types of MR effects in different materials is given.

2.9.1 Giant Magnetoresistance (GMR)

GMR is a very large change in electrical resistance observed in ferromagnet /
paramagnet ferromagnet multilayer structures when the relative orientations of the
magnetic moments in alternate ferromagnetic layers change as a function of applied field.
The basis of the GMR is the dependence of the electrical resistivity of electrons in a
magnetic metal on the direction of the electron spin, either parallel or antiparallel
coupling to the magnetic moment of the multilayers. Electrons having parallel spins with
the magnetic moment in films undergo less scattering and therefore have a lower

resistance. When the moments of the magnetic layers are antiparallel, there are no
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electrons which have a low scattering rate in both magnetic layers, causing an increased
resistance. At applied magnetic fields where the moments of the magnetic layers are
aligned, electrons with their spins parallel to these moments pass freely through the
structure and hence lowering the electrical resistance. The relative huge change of

resistance is giant magnetoresistance (GMR).

2.9.2 Colossal Magnetoresistance (CMR)

Ideal Cubic Perovskite ABO; Structures
O A-site @ E-site . Oxyeen

Figure 2.9: ABO;perovskite structures.

In 1994, colossal magnetoresistance was first observed by S. Jin et al [16] in
manganite perovskites drawing a renewed interest in these materials. It was known as
early as 1950 that, the perovskite compound LaMnOs3 with the typical structure, shown in
fig. 2.9, is normally an antiferromagnetic state. If approximately of the La’" ions were
replaced with divalent ions such as Ca2+, Sr2+, Pb*" or Ba2+, the resistance drops
dramatically and the material appears to become ferromagnetic. The effect of substituting
a divalent ion for a trivalent ion on the La-site was to force a nearby Mn to change from
Mn’" to Mn*". Whenever Mn®" and Mn*" are on neighboring Mn-sites, there exists the
possibility of conductivity by electrons hopping from the Mn’* to Mn*" via the
intervening oxygen anion (O”). This hopping process critically depends on the relative
alignment of the neighboring Mn core spins. Consequently, the electrical resistivity is

extremely sensitive to the external magnetic field, thus giving rise to CMR.
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2.10 Microstructure

A polycrystal is much more than many tiny crystals bonded together. The
interfaces between the crystals, or the grain boundaries which separate and bond the
grains, are complex and interactive. The whole set of a given material®s properties
(mechanical, chemical, especially electrical and magnetic) depend strongly on the nature
of the microstructure. In the simplest case, the grain boundary is the region, which
accommodates the difference in crystallographic orientation between the neighboring
grains. For certain simple arrangements, the grain boundary is made of an array of
dislocations whose number and spacing depends on the angular deviation between the
grains. The ionic nature of ferrites leads to dislocation patterns considerably more
complex than in metals, since electrostatic energy accounts for a significant fraction of
the total boundary energy [3]. For low-loss ferrite, Ghate [17] states that the grain
boundaries influence properties by
1) creating a high resistivity intergranular layer,

i) acting as a sink for impurities which may act as a sintering aid and grain growth
modifiers,

ii1) providing a path for oxygen diffusion, which may modify the oxidation state of
cations near the boundaries.

In addition to grain boundaries, ceramic imperfections can impede domain wall
motion and thus reduce the magnetic property. Among these are pores, cracks, inclusions,
second phases, as well as residual strains. Imperfections also act as energy wells that pin
the domain walls and require higher activation energy to detach. Stresses are
microstructural imperfections that can result from impurities or processing problems such
as too rapid a cool. They affect the domain dynamics and are responsible for a much
greater share of the degradation of properties than would expect [17].

Grain growth kinetics depends strongly on the impurity content. A minor dopant
can drastically change the nature and concentration of defects in the matrix, affecting
grain boundary motion, pore mobility and pore removal [3]. The effect of a given dopant
depends on its valence and solubility with respect to host material. If it is not soluble at
the sintering temperature, the dopant becomes a second phase which usually segregates to

the grain boundary.
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Figure 2.10: Porosity character: (a) intergranular, (b) intragranular.

The porosity of ceramic samples results from two sources, intragranular porosity
and intergranular porosity, Fig. 2.10 An undesirable effect in ceramic samples is the
formation of exaggerated or discontinuous grain growth which is characterized by the
excessive growth of some grains at the expense of small, neighbouring ones, Fig. 2.11.
When this occurs, the large grain has a high defect concentration. Discontinuous growth
is believed to result from one or several of the following: powder mixtures with
impurities; a very large distribution of initial particle size; sintering at excessively high
temperatures; in ferrites containing Zn and /or Mn, a low O, partial pressure in the
sintering atmosphere. When a very large grain is surrounded by smaller ones, it is called

,»duplex* microstructure.

Figure 2.11: Grain growth (a) discontinuous, (b) duplex (schematic).

2.11 Nanoparticles

The term 'manoparticle' is used to describe a particle with size in the range of 1 to
100 nm, at least in one of the three dimensions. Because of this very small size scale, they

possess an immense surface area per unit volume, a high proportion of atoms in the
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surface and near surface layers, and the ability to exhibit quantum effects. In this size
range, the physical, chemical and biological properties of the nanoparticle change in
fundamental ways from the properties of both individual atoms/molecules and of the
corresponding bulk material. Nanoparticles exist with great chemical diversity in the
form of metals, metal oxides, semiconductors, polymers, carbon materials, organics or
biological. They also exhibit great morphological diversity with shapes such as spheres,
cylinders, disks, platelets, hollow spheres and tubes, etc. Depending on the material they
consist of, nanoparticles can possess a number of different properties such as high
electron density and strong optical absorption (e.g. metal particles, in particular Au),
photoluminescence (semiconductor quantum dots, e.g. CdSe or CdTe) or
phosphorescence (doped oxide materials, e.g. Y,03), or magnetic moment (e.g. iron or
manganese oxide nanoparticles). The unique properties of these various types of
nanoparticles give them novel electrical, catalytic, magnetic, mechanical, thermal, or
imaging features that are highly desirable for applications in catalysis, biomedicines, and

electronics, and environmental sectors.

2.11.1 Classification of Nanoparticles

Nanoparticles can be classified based upon their sizes, shapes, and materials, and
with various chemical and surface properties. There is a constant and rapid growth in this
field which adds to the basis of classification. However, the classes of nanoparticles listed
below are mainly based upon their constituent materials, and some of their basic

properties and current known uses are also described here.

2.11.1.1 Metal Nanoparticles

Noble metal nanoparticles, such as gold (Au), silver (Ag) and Cu nanoparticles
and nanorods, exhibits unique electric, photonic and catalytic properties like local surface
plasmon resonance (LSPR) [18,19], surface-enhanced Raman scattering (SERS) [20] and
surface-enhanced fluorescence (SEF) [21]. The strong plasmon resonance band of the
noble metal NPs in the visible region has been used in the development of biosensors for
use in colorimetric detection of analytes [22-24]. The light absorption by NPs is related to
the incident light interaction with the ksurface of the nanoparticle. When light of a
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specific energy interacts with the surface of noble metal NP, an intense localized field is
induced. The coupling of the NPs conduction band electrons with the electric field of
incident light, at a resonant frequency, generates a localized plasmonic oscillation on the
surface of the NPs, designated by surface plasmon resonance (SPR) or localized SPR

(LSPR) [25].

2.11.1.2 Magnetic Nanoparticles

Magnetic nanoparticles are of great interest for researchers from a wide range of
disciplines, including magnetic fluids [26], catalysis [27], biotechnology/biomedicine
[28], magnetic resonance imaging [29], data storage [30], and environmental remediation
[31]. Two key issues dominate the magnetic properties of nanoparticles: finite-size
effects and surface effects which give rise to various special features. Finite-size effects
result, for example, from the quantum confinement of the electrons, whereas typical
surface effects are related to the symmetry breaking of the crystal structure at the
boundary of each particle. Magnetic nanoparticles can be utilized in versatile ways, very
similar to those of nanoparticles in general. However, the magnetic properties of these
particles add a new dimension where they can be manipulated upon application of an
external magnetic field. This property opens up new applications where drugs that are
attached to a magnetic particle to be targeted in the body using a magnetic field. Here, we

briefly introduce different kinds of magnetic nanoparticles.

2.12 Magnetism in nanostructures

In this section, we provide an overview of the fundamental aspects of magnetism

1n nanostructures.

2.12.1 Magnetic interactions

2.12.1.1 The single domain limit

It 1s well known that the occurrence of magnetic hysteresis in case of bulk FM
materials can be explained by the formation of magnetic domains and by the motion of

domain walls, which separate them. The formation of domains and domain walls is to
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minimize the net free energy, which depends on the magnetostatic (proportional to the

volume of the material) and domain wall (proportional to the surface area) energy. For a
magnetic material, upon size reduction to the nanometer scale, a situation may arise
where the formation of domains may become energetically unfavorable due to the
domain wall energy. Such a condition can be called the single domain limit for that
particular material, below which the sample consists of particles with a single uniformly

magnetized domain.

2.12.1.2 Interactions between nanoparticles

In the single domain limit, the inter-particle and intra-particle interactions play a
vital role in determining the magnetic responses for an ensemble of nanoparticles. The
interaction strength between nanoparticles modifies the energy landscape. Hence it is
essential to identify the different energy contributions, namely, anisotropy energy,
Zeeman energy and dipolar interaction energy.

For nanoparticles under experimental conditions, in addition to the uniaxial
crystalline anisotropy, contributions from the surface, shape and strain anisotropy have
drastic effects on the magnetic properties. Also, various other interactions such as
exchange interactions [32], Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions [33]
and superexchange interactions can factor into the magnetic response of the
nanoparticles. In case of manganites, the double-exchange (DE) and superexchange (SE)

interactions influence the stabilization of ferromagnetic and antiferromagnetic ordering.
2.12.1.3 Spin glass

The formation of a spin glass state below a certain temperature in nanostructures
is very often seen. In this section, we briefly discuss the characteristics of a spin glass
with respect to a bulk material, and how it evolves in magnetic nanoparticles. Spin glass
is a metastable state which arises in a material due to randomness and frustration of spins.
The magnetic frustration in a material can develop due to uncompensated spins, or from

the competition between nearest neighbor and next nearest neighbor interactions.
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Figure 2.12: Schematic diagram of a magnetically frustrated triangular lattice.

In Figure 2.12, an antiferromagnetic triangular lattice is shown which is
intrinsically frustrated. Energetically, the orientation of the third spin in the ,up” or
,down™ direction is indistinguishable. Hence, there exists degeneracy in the energy
ground state, and the system is magnetically frustrated. In another scenario, if one
introduces magnetic impurities in an otherwise non-magnetic material, then as a result of
the interactions with varied strengths due to the random positioning of the magnetic
atoms, the system remains magnetically disordered. If the temperature of such a system is
lowered, it has been observed that below a certain temperature the magnetic spins enter
into an irreversible state (i.e. magnetization reversal becomes critically slow) which is
associated with cooperative spin freezing. This temperature for a material is called its
spin glass transition temperature. Below this temperature, the glassy nature of the
material is thought to originate due to the independent slowing down of the spins, and the
consequent formation of locally correlated units called droplets, clusters or domains.
Several theories like the Sherrington-Kirkpatrick (SK) model [34], the Edwards-
Anderson (EA) model [35], the hierarchical model, the droplet model, and the fractal-
cluster model have been proposed to understand the spin glass behavior [36].

It should be mentioned that spin glasses can be of primarily three kinds, namely,
(1) canonical spin glass, (i1) cluster glass, and (iii) surface spin glass. A canonical spin
glass is usually formed by noble metals (Au, Ag, Pt, Cu), which are weakly doped with

3d transition metal ions such as Fe, or Mn [37]. Since the magnetic impurities are placed
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within a conducting matrix, the magnetic interaction is usually RKKY type. As a result of
the random placements of the spins in the host metal, some spin-spin interactions may be
positive (favoring parallel alignment), while others may be negative leading to an
antiparallel alignment. This leads to a magnetic frustration. For a system which exhibits
phase separation, such that FM clusters grow within an AFM matrix, it may be possible
that the finitely correlated small FM domains interact with one another leading to a glassy
state which is called cluster glass type. The glassy dynamics in such materials is sensitive
to the average FM cluster size, which in turn depends on the temperature and external
magnetic field. In case of nanostructures, where the surface effects become significant, it
are common to observe magnetic frustration arising due to broken symmetry of the
surface spins which manifests into what is called a surface spin glass [38-40]. The
exchange interaction between the surface spins and the core moments (below the glass
transition temperature) of the nanostructures can trigger the exchange bias effect.
Interestingly, the concept of spin glass as understood in case of bulk materials by
considering atomic spins, can be extended to magnetic nanoparticles, where the atomic

spins are replaced by ,,superspins® which is discussed in the following section.

2.12.1.4 Supermagnetism

The last decade has witnessed a growing interest in research on the collective
behavior of single domain magnetic nanoparticles giving rise to the field of
Ldupermagnetism® [41]. One can associate a large magnetic moment (few hundred to a
few thousand uB) with each nanoparticle, which is called a ,superspin®. Depending on the
strength of inter-particle interactions, an ensemble of superspins can exhibit three
different magnetic states : (i) Superparamagnetism, (SPM) for the case of no interaction,
(1) superspin glass (SSG) for intermediate interaction strengths, and (iii)
superferromagnetism for highly interacting superspins [30]. However, some recent
experimental studies have revealed a crossover random field domain state (RFDS), for
materials which behave as SSG at low temperatures and SFM at higher temperatures
[42]. The interaction strength between nanoparticles can be controlled by various factors
like size, inter-particle distance, presence or absence of surfactant layers, nature of

embedding matrix, magnetic field, temperature, etc. Extensive studies based on magnetic
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relaxation, ac susceptibility, and magnetic imaging have been performed to identify and

characterize the above mentioned ,,supermagnetic® states [43].

2.13 Theory of manganites

After long attention to the field of superconductivity, the flow of research interest
switched towards the studies on manganite materials owing to their potential applicability
for various purposes. Manganites exhibit variety of interesting novel properties like,
insulator to metal (I-M) transition, paramagnetic to ferromagnetic transition, Colossal
Magnetoresistance (CMR) effect etc. Manganite is a mineral, its composition is mainly
MnO. These manganese based oxide materials, known as manganite, possess unique
intrinsic properties of change in electrical resistance under the application of magnetic
field, known as magnetoressistance. The doped T;DxMnO; type or better known as
ABOs type perovskite structure has cubic unit cell, where Ln represents the rare earth

elements [44]. At the corner, Mn ions are surrounded by octahedral oxygen units known

as the MnQOg octahedral.
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Figure 2.13: Schematic diagram of perovskite (ABO;) type structure of manganites.

The relative ion size requirements for stability of the cubic structures are quite
stringent, so slight buckling and distortion of MnOg octahedral can produce several low-
Symmetry distorted structures, in which co-ordinate number of T cations and Mn or both
is reduced. Complex perovskites structures contain two different Mn-sites cations (Mn>"

and Mn*") [44]. This results in possibility of ordered and disordered structures. The
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orthorhombic and tetragonal phases are most commonly observed non-cubic structure for

doped manganite.

2.14 History of Manganites

About half a decade ago Jonker and Santen (1950) [45-47] described the
preparation of polycrystalline samples of (La,Ca)MnOs3, (La,Sr)MnO; and (La,Ba)MnOs3
manganites and reported ferromagnetism and anomalies in the conductivity at the Curie
temperature with variation in lattice parameter as a function of hole doping. Few years
later Volger observed a notable decrease of resistivity for LaggSro,MnOs in FM state, in
applied magnetic fields [48]. Soon after a significant research effort have started on the
studies of low temperature measurement in manganites such as specific heat,
magnetization, dc and ac resistivity, magnetoresistance, magnetostriction, I-V curves,
dielectric constant, Seebeck effect and Hall effect [48,49].

After those pioneering experiments, Wollan and Koehler (1955) [50] carried out
extensive neutron diffraction study to characterize and draw the first magnetic structures
of La;xCayMnOs; in the entire composition range. Wollan and Koehler (1955) were
among the first to use the technique of neutron scattering to study magnetism in
materials. They found that in addition to FM phase many other interesting anti-
ferromagnetic phases were also present in manganites. Among them the most exotic spin
arrangement is the CE-type state, which following their classification is a mixture of the
C-phase with the E-phase. This CE-state was the first evidence of charge-ordering and
mixed phase (phase separation) tendencies in the manganites. Further progress come
somewhat later when the group at Manitoba grew a high quality mm long single crystal
of another interesting manganites (La,Pb)MnQO;, which has a Curie temperature well
above room temperature [51-53]. Jirak et al. (1979) [54] and Pollert et al. (1982) [55]
studied the structure and magnetic properties of another very popular manganites
(Pr,Ca)MnO; by X-ray and neutron diffraction technique. They observed charge-ordering
phases which are totally different from the ferromagnetic phases of other manganites.

A burst of research activity on manganites started during 1990 because of the

observation of large magnetoresistance. Work by Kusters et al. (1989) [56] on bulk
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NdysPbysMnO; reveals the large MR effect. Another work by von Helmholtz et al.
(1993) [57] on thin films of Lay;sBa;;3sMnOs also revealed a large MR effect at room
temperature. Thereafter similar conclusion was reached by Chahara et al. (1993) [58]
using thin films of Las4Ca;sMnOs and Ju et al. (1994) [59] for films of La;  SryMnOs.
They all observed MR values larger than those observed in artificially engineered
multilayers (GMR) [60]. A defining moment for the field of manganites was the
publication by Jin et al. (1993) [61] of results with truly Colossal Magnetoresistance
(CMR). Jin et al. reported MR ((Rp—R)x100/Ry) close to 1500% at 200K and over
100,000% at 77K for thin films of Lay ¢7Cag33MnQO3. This enormous factor corresponds to
thousand-fold change in resistivity with and without the field. One year later Xiong et al.
(1995) [62] reported MR ratio of over 100,000% using thin films of Ndy 7Sro3MnQO; near
60K and in the presence of magnetic field of 8T. These studies led to the obvious

conclusion that manganites were a potential alternative for ,Giant™ MR systems.

2.15 Origin of magnetoresistance in manganite perovskite

2.15.1 The structural and magnetic properties of T, A, MnO; perovskite

The physics of manganites is very rich. Manganites exhibit a variety of phases
such as paramagnetic state, ferromagnetic metal or insulator, antiferromagnetism, canted
antiferromagnetism and charge ordering. Several interesting phenomena including the
colossal MR are related to the metal-insulator and magnetic transitions between these
phases. Many properties of CMR materials can be tuned by external parameters such as
temperature T, magnetic field H or by the chemical pressure. Many striking electronic
properties of these systems are due to strong coupling of electrons to the dynamical

lattice distortions. The lattice is the crystal cell of the perovskite type.

An undoped lanthanum manganite (LaMnO3) compound corresponds to the ionic
composition is La”,Mn”,O{z. The electronic configuration of Mn atom is 3d° 452, which
means that the ionized Mn™ has 4d-electrons, which are responsible for its electronic
properties. The Jahn-Teller distortion is taking place at Mn"™ ion and plays significant
role in the Metal-Insulator transition and ferromagnetic to paramagnetic transition. Jahn-

Teller (J-T) effect has been described later in this chapter. If we substitute all trivalent
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rare earth La atoms by a divalent metal such as Ca, we will obtain compound such as
Ca+2Mn+403 with Mn valence +4. Thus, the Mn ion in the CaMnO3 compound will have
3-d electrons. This compound also has the perovskite structure. Both the perovskites,
LaMnO; and CaMnOs;, are AFM insulator with ferromagnetic (FM) n-planes of
alternating spin direction [63, 64]. For partial substitutions of La system such as La;.
AxMnO;3 (0<x<1), Mn ions are mixed valent and average number of d-electrons at the
Mn-site is 4-x. An exciting thing is that, although pure La and pure Ca manganites are
AFM insulators, the intermediate composition La; xA,MnQO; exhibits strong magnetism

over a broad range of carrier concentrations and temperatures [63, 65].

2.15.2 Zener double-exchange mechanism

It has reported that the lattice distortion brings down T, by use of hole doping at
Ln-site (A-site). Hence T, can be tuned by changing hole doping concentration and size
of ionic radius of divalent cation. Below T., the manganites exhibit metal-type
conductivity, and ferromagnetism around T.. These behaviors are explained by Zeners
double exchange mechanism [66]. The basic mechanism in this process is, the doping of
a d-hole from Mn™ or electron doping from d-shell of Mn"™ to Mn™* like Mn™ to Mn™
via the oxygen, so that the Mn" and Mn" ions change places [66, 67].

Mn+3 O+2 Mn+4 o Mn+4 O+2 Mn+3

mMnt+ G Mn3+ Mn3+ 0 Mr‘:+
& pb 44 o ps &

Figure 2.14: Schematic diagram of Zener Double Exchange mechanism

This creates the transfer of an electron from the Mn™ site to the Central Oxide ion and
simultaneously the transfer of an electron from the oxide ion to the Mn™ site. Such a

transfer is referred to as double-exchange (DE) [65].

37



Chapter 2 Background

2.15.3 Various mechanisms and properties of manganite perovskites

(a) Jahn-Teller (JT) effect

The rare-earth manganites such as LaMnO;, PrMnO3; and NdMnOs;, without hole
doping are insulators at all temperatures as a consequence of crystal field at the cation
sites in the perovskite structure. In the ideal structure, both A and B sites have cubic point
symmetry 3 m [64]. However, in the real distorted structure, the point symmetry is much
lower. These oxides undergo an antiferromagnetic (AFM) transition with Ty ~ 150 K.
The AFM ordering is of A-Type [63, 65]. The Jahn-Teller distortion around Mn" ions is
related to the insulating nature of the compounds and anisotropic magnetic interaction in
the structure.
The structure plays a crucial role in determining the electric transport and magnetic
transport properties of these oxides. Because when these parent systems are partly
substituted by divalent ions at Ln site they became hole-doped. The Mn™ content
increase resulting into decreasing (JT) distortion.
The perovskite structure has an orthorhombic distortion (b>a>cA2) and unit cell

consisting of 4-formula units can be mapped into Pbnm or Pnma Symmetry.

(b) Tolerance factor

It has been clearly shown experimentally that for a fixed hole concentration, the
properties of manganites strongly depends on a geometrical quantity known as “tolerance
factor” [68, 69], defined by t=da.o/(V2dwm.o) here A-0 is the distance between A site,
where the trivalent or divalent non-Mn ions are located, to the nearest oxygen. A ion is at
the center of a cube with Mn in the vertices and O in between the Mn 1ons. dy,-0 is the
Mn-O shortest distance. Since for an undistorted cube with a straight Mn-O-Mn link, da_,
=2 and dyno=1 in units of the Mn-O distance, the t=1 for the perfect system. However,
sometimes the A ions are too small to fill the space in the cube centers and for this reason
the oxygen tend to move toward the center, reducing da.,. In general dym., also changes at
the same time. For this reason, the tolerance factor becomes less than unity t<1, [63,65]
and Mn-O-Mn angle becomes smaller than 180°. The hopping amplitude for carriers to

move from Mn to Mn naturally decreases as 6 < 180°. As the tolerance factor decrease,
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the charge localization increases due to the reduction in the mobility of the carriers. If the
tolerance factor is reduced (t<1) then Mn-Mn distance is also reduced. Therefore, it
would be expected that having closer Mn-ions result into an increase the electron hopping
between them. The factors affecting most of its physical properties include <r,> = the
Average A site ionic radii, t = tolerance factor is an indicator for the stability and

distortion of crystal structure,

= % (2.33)
Where r, is the radius of A cation, rg is the radius of B cation, r( is the radius of anion
respectively.

A detailed study on different Lng7A(3MnO; compounds for a variety of Ln and A
ions for the dependence of T. on tolerance factor (t) shows the presence of three

dominant regimes (1) a paramagnetic insulator at high-temperature, (2) a low temperature
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Figure 2.15: Variation of T, with tolerance factor (t) and average cation radius <r,>.

ferromagnetic metal at large tolerance factor, and (3) low —temperature charge-ordered
ferromagnetic insulator at small tolerance factor fig. 2.19 [70]. The properties of doped

manganites are highly dependent on the tolerance factor (t).

39



Chapter 2 Background

(c¢) Electron-Lattice coupling

The structural and electronic properties of the perovskite crystal clearly have an
important effect on Curie temperature and magnetoresistance. However, interaction
between the charge carriers and vibrations of the crystal lattice say “phonons” also play a
crucial and fundamental role in changing the resistance as the temperature falls towards
the Curie temperature, of particular importance are the vibrations of lighter oxygen ions,
which push electron towards vacant states in the manganese ion. This strengthens the
Jahn-Teller effect and induces a local distortion of the lattice. Such a distortion is known
as a “polaron” and leads to self-trapping of the (it can be a source of the high resistivity)
charge carriers above the Curie temperature. Below the Curie temperature the
selftrapping disappears because the bandwidth broadens and the electrons are much more
mobile [71]. CMR effect is observed over a wide range of compositions of La;.
xCa,MnO3(x<0.5), but the when x~0.2, a local structural distortion occurs from the strong
electron-lattice polarons which arises from the strong electron-lattice coupling [64, 65].
But the significant changes in the local structure in the x~0.3 composition in the 80-300k
range are observed which are attributed to the formation of small polarons due to the
John-Teller distortion when T>Tc, [72, 73] these studies have shown that small polarons
delocalized as the magnetization increases in the manganite which induces the IM

transition.

(d) Insulator-Metal (I-M) and paramagnetic—ferromagnetic (PM-FM)
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Figure 2.16: (a) & (b) Metal-insulator transition and Paramagnetic-Ferromagnetic transition,in La;.
xCa,MnO; [64].
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In addition to various phenomenon described above, (M-I) the metal-insulator and
paramagnetic to ferromagnetic transition (PM-FM) take place in LaMnOs; perovskite with
an orthorhombic structure ith small proportion of Mn™ (< 5%), becoming
antiferromagnetically ordered below Tn~150 K. In LaMnOs if La™ is progressively
substituted by a divalent cation, the formula becomes Ln;  AxMnO; (Ln=La,Nd,Sm,Pr
and A=Ca,Sr,Ba, Pb..). Systematic investigations show that an empirical relationship
exists between electrical conductivity and magnetism [64]. With increase in x (Mn"™
Content), the manganites become ferromagnetic, with well-defined curie temperatures T,
and around T, it exhibits metal-like conductivity as shown in fig. 2.16(a) & 2.16(b). The
simultaneous observations of I-M and PM-FM transitions are explained by the Zener
double exchange mechanism. A metal is in the ferromagnetic phase, whose resistivity
decreases as the magnetization increases below T.. So the ferromagnetism is always

coupled with metallic phase in the system.

(e) Role of ionic radii at A-site
The ionic radii at A-site play an important role in modifying the electrical and

magnetic transport properties of manganite.
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Figure 2.17: lonic radius at A-site <rp> vs. To/Tin [74-77]

As divalent cation is introduced at A-site, the ionic radii becomes mixture of Ln=
rare earth trivalent and A= divalent cation which is named as average A-site ionic radius

(<ra>). The modification in the tolerance factor ,t* alters the transition temperature and
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desired transport properties of manganites can be achieved. The fig. 2.17 shows the
variation in transition temperature with average ionic radius <rpx> of A-site . The
transition temperature is highest when <ra> ~1.23A which corresponds to a tolerance
factor of 0.93. It may be also noticed thaht increase in <r,> the e, band with increases

and MR% decreases [76, 77].

(f) Charge and Orbital Ordering

The charge order, also known as Wigner Crystallization, is driven by inter atomic
coulomb interaction. The mobile d electrons can be localized on certain manganese ions
to form a regular lattice for particular occupancies of the d band, provided that inter
electronic coulomb interaction is comparable with the conduction-electron bandwidth W
[78]. The effect is accentuated by small displacements of the oxygen atoms to
accommodate the ordered cation lattice. Charge ordering most likely occurs when the
temperature is low and x is a rational fraction especially x= 1/8 or 3/4. The extra fourth d
electron may then be delocalized on alternate manganese site in a plane, as shown in fig.
2.18 (a). The carriers in mixed valent manganites may be strongly coupled to local lattice
distortion [79]. Orbital ordering can occur at certain carrier density when the d electrons
occupy an asymmetric orbital as shown in fig. 2.18 (b). The driving source is partly direct
electrostatic repulsion of the charge. Adjacent octahedral stabilize the effect. Figure 2.18
(c) displays the combined effect of charge and orbital order in mixed valent manganites

when the doping concentration is x=1/2.
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Figure 2.18: (a) charge ordering (b) orbital ordering (c) charge and orbital ordering.
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2.16 Applications

The CMR materials have good potential for device applications. Several groups
have attempted to explore the transport properties, specially half metallicity and transition
from insulating to metallic region in the CMR materials for their applications in various
devices [80-82]. In brief, the general applications of the CMR materials have been

discussed as follows.

2.16.1CMR materials as Sensor & devices

(a) Magnetic Sensor

Using the CMR effect in thin films, numbers of efforts have been made to
fabricate magnetic sensors. For magnetic field sensing applications, low field response at
or above the room temperature, the researchers have used the defects or grain boundary
effects in microstructure of the manganites [81,82]. The low field sensitivity is due to
spin polarized tunneling between two grains [83-85]. The idea of development of
heterostructure is more prominent, which show low field sensitivity at room temperature
[86].

The industrial requirements of magnetic sensors using CMR materials should
follow the following properties.

1) Operating at or above room temperature.

2) At least 20% response at a field of < 100 Oe

3) Temperature independent MR value over 300 + 50 K.

4) Acceptable noise values.

5) The dimensions of film approaching 1000 A or less than that.

b) Microwave CMR Sensor

At microwave frequencies, significant CMR effect has been observed as
compared to a low frequency [87]. For the microwave cavity in the anti-resonant mode, a
very large CMR effect is seen ~ 50 % at very low field which suggests the possible

microwave devices.
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(¢) Spin valve devices

The spin valve device consists of two ferromagnetic electrodes separated by a
nonmagnetic conducting layer [88]. In general, the lower electrode has a large coercive
field than the upper electrode. The entire device structure consists of epitaxial multilayer
of CMR ferromagnetic electrodes separated by an epitaxial layer of conducting materials.
However, devices made using this concept have large series resistance, which cannot be
explained on the basis of the resistivity of individual layers and this reduces the observed
MR. An alternate approach is the trilayer spin tunneling device, where the intermediate
layer is an epitaxial insulator. This type of device shows large low-field MR, about factor

of two to five, in a field around 100 Oe at 4.2 K.

(d) Field effect devices

The field effect transistor (FET) device structure consists of epitaxial multilayer
of CMR ferromagnetic layers at the bottom and dielectric layers on the top. This device
structure shows some interesting characteristics depending on the dielectric layer on top

as to whether it is a para-electric layer such as STO, or a ferroelectric PZT [89].

(e) Bolometric Sensor

Due to the large temperature co-efficient of resistance (TCR) in CMR materials,
their application as bolometer device is possible [90,91]. The CMR materials exhibits I-
M transition at T, and sharp drop of the resistance at transition temperature gives large
TCR. The merit of the bolometric device is the TCR and noise volume. The commercial
bolometer is based on VO, having TCR values around 2.5 to 4%. As compared to VO,
the TCR values increases from 8 to 18 % in CMR materials. Ravi bathe et al showed 23%
TCR in LCMO thin film with silver ion implantation [92].

f) Spin Polarized injection devices
At low temperatures <100 K, CMR materials show some interesting properties
and is found to be advantageous to integrate them with HTSC. A heterostructure

consisting of HTSC/CMR has been used for magnetic flux focused devices [93]. The
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Meissner effect of the superconductor can be used as magnetic lens to enhance the flux
coupling to a CMR detector thereby enhancing its sensitivity. And spin polarized

electrons are injected from CMR layer into the superconducting channel [94, 95].
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Chapter 3 Sample Preparation and Experimental Techniques

CHAPTER 3
SAMPLE PREPARATION AND
EXPERIMENTAL TECHNIQUES

3.1 Preparation of bulk polycrystalline sample
3.1.1 Solid state reaction technique:

There exist a wide variety of methods for the synthesis of polycrystalline
materials. Out of them, the solid-state reaction method is the broadly used technique for
the preparation of polycrystalline solids. In this method reactants are mixed together in a
powder form and heated for extended periods at high temperature. High temperature
provides a considerable amount of energy to accelerate the reaction rate. Hence, the final
product obtained from this method is thermodynamically stable. The major benefit of this
method is the formation of structurally single phase product with desired properties

which depends on final sintering temperature. Flow chart of sample preparation is given

bellow: Oxides of raw materials

!

Weighing of different mole

percentage

v

Dry mixing by agate mortar

v

Weight mixing by hand milling

\ 4
Drying I
v

Calcination

\4

Hand Milling

v

Pressing to desired

pellets

v

Sintering
v

Final products
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The detail process of Calcination, Pelletization and Sintering are given bellow

3.1.1.1 Calcination

Calcination is a thermal treatment process in presence of air applied to ores and
other solid materials to bring about a thermal decomposition phase transition or removal
of a volatile fraction. The calcination processes normally take place below the melting
point of the product materials. Calcination is to be distinguished from roasting, in which
more complex gas solid reaction take place between the furnace atmospheres of the solid.

The calcination reaction usually takes place at or above the thermal
decomposition or transition temperature. This temperature is usually defined as the
temperature at which the standard Gibbs free energy for a particular calcination reaction

is zero [1].

The calcining process can be repeated several times to obtain a high degree of
homogeneity. The calcined powders are crushed into fine powders. The ideal characteristics of
fine powders are [2]:

1) small particle size (sub-micron)

2) narrow distribution in particle size

3) dispersed particles

4) equiaxed shape of particles

5) high purity

6) homogeneous composition.

A small particle size of the reactant powders provides a high contact surface area for
initiation of the solid state reaction; diffusion paths are shorted, leading to more efficient
completion of the reaction. Porosity is easily eliminated if the initial pores are very small. A
narrow size distribution of spherical particles as well as a dispersed state is important for
compaction of the powder during green-body formation. Grain growth during sintering can be

better controlled if the initial size is small and uniform.

3.1.1.2 Pelletization

It is a process of pressing the powder in uni-axial hydraulic press at room
temperature by applying a force on to accelerate the reaction rate. Here we have to

increase the area of contact between the particles, this can be achieved by pressing the
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reaction powder into pellets but even at high pressure the pellets are usually porous and
the crystal contacts are not maximized. Typically cold pressed pellets are 20% to 40%
porous. Depending upon requirement of our sample formation, sometimes hot press is
required. So that the combined effect of temperature and pressing may cause the particle
to fit together better but densification process is usually slow and may require several

hours [3].

3.1.1.3 Sintering

Sintering is defined as the process of obtaining a dense, tough body by heating a
compacted powder for a certain time at a temperature high enough to significantly
promote diffusion, but clearly lower than the melting point of the main component. The
driving force for sintering is the reduction in surface free energy of the powder. Part of
this energy is transferred into interfacial energy (grain boundaries) in the resulting
polycrystalline body [2, 4]. The sintering time, temperature and the furnace atmosphere
play very important role on the dielectric, electric and magnetic properties of magnetic
materials. The purposes of sintering process are:

1) to bind the particles together so as to impart sufficient strength to the product,

2) to densify the material by eliminating the pores and

3) to homogenize the materials by completing the reactions left unfinished in the
calcining step.

Sintering of crystalline solids is dealt by Coble and Burke [5] who found the

following empirical relationship regarding rate of grain growth:

d =kt" 3.1)
where d is the mean grain diameter, » is about 1/3, ¢ is sintering time and k is a
temperature dependent parameter. Sintering is divided into three stages shown in fig. 3.1
[2, 6].
Stage 1. Contact area between particles increases,
Stage 2. Porosity changes from open to closed porosity,

Stage 3. Pore volume decreases; grains grow.
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(a)

Figure 3.1: Schematic representation of sintering stages: (a) green body, (b) initial stage, (c) intermediate
stage, and (d) final stage.

In the initial stage, neighboring particles form a neck by surface diffusion and
presumably also at high temperatures by an evaporation-condensation mechanism. Grain
growth begins during the intermediate stage of sintering. Since grain boundaries are the
sinks for vacancies, grain growth tends to decrease the pore elimination rate due to the
increase in distance between pores and grain boundaries, and by decreasing the total grain
boundary surface area. In the final stage, the grain growth is considerably enhanced and

the remaining pores may become isolated.

3.1.2 Preparation of Gd,;Sr,3;MnQO; bulk materials

Polycrystalline sample of Gdy 7S1,3MnO; were synthesized by standard solid state
reaction technique. The high purity oxides of Gd,O3, SrCO3; and MnCOs3 powders were
mixed and ground in an agate mortar till a homogeneous mixture is formed. This mixture
was calcined at around 1100 °C for 12 hours in a programmable furnace. The calcined
powders were ground again for 6 hours to get more homogeneous mixture. This mixture
was calcined again at around 1100 °C for 12 hours in a programmable furnace. The
calcined powder was ground again for 30 minutes to get more homogeneous mixture. The
powder were pressed into pellets of thickness 1 mm and diameter 10 mm by using a uni-
axial hand presser and were sintered at around 1300 °C for 6 hours [7]. The ceramic
pellets were ground again into powder by manual grinding to obtain powder materials.
The sintered pellets and powders were used to measure the required structural,

morphological and magnetic properties.
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3.2 Synthesis of nanoparticles

3.2.1 Ultrasonication method

Ultrasonication refers to the application of sound energy at frequencies largely
inaudible to the human ear (higher than » 20 kHz), in order to facilitate the disruption of
particle agglomerates through a process known as cavitation. Ultrasound disruption is
more energy efficient and can achieve a higher degree of powder fragmentation, at
constant specific energy, than other conventional dispersion techniques. Sonication is a
convenient, relatively inexpensive tool that is simple to operate and maintain. Ultrasonic
waves can be generated in a liquid by introducing the sample container into a liquid that
is propagating ultrasonic waves. In a sonication bath, the sound waves must travel
through both the bath or cup liquid (typically water) and the wall of the sample container
before reaching the suspension. The total amount of energy (E) delivered to a suspension
not only depends on the applied power (P) but also on the total amount of time (t) that the
suspension is subject to the ultrasonic treatment:

E=Pxt (3.2)
Consequently, two suspensions treated at the same power for different times can show

significantly different dispersion states.
3.2.2 Preparation of Gd,;Sryo3;MnQO; nanoparticles

A pellet of mutiferroics with the nominal compositions of Gdg7Sro3:MnOs was
prepared by a conventional solid state reaction technique. Details of the preparation
process were described in section 3.1.1. The pellets were then ground into powder by
performing manual grinding for approximately 15 minutes. The obtained powders were
subsequently mixed with isopropanol with a ratio of 50 mg powder and 10 ml
isopropanol with a mass percentage of ~0.5%. Then, the mixtures of isopropanol and
powder were put into an ultrasonic bath and sonicated for 60 minutes. After 6 hours,
~70% of the mass had precipitated and the ~30% supernatant was collected from the

solution to obtain nanoparticles [8]. The supernatant was dried naturally and the collected

nanoparticles was used to measure the required properties.
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3.2.3 Ball Milling

The weighted powders are mixed mechanically by either ball milling or attrition
milling. Milling is carried out to reduce the particle size of the powders to the nano range

for the ease of solid phase reactions to occur by atomic diffusion.

Cylindrical container
with integral
bottom and
removabie hd

Guonting media
tumbiing as
mull turns

Wear-resistant

Slurry containing i
mill lining

supension of
particles
being si1zed

Rubber-coated roilers
connected by a belt and pulley
to a drive molor

Figure 3.2: Schematic of a Ball Mill

The schematic of a ball mill is illustrated in Fig 3.2. Size and distribution of the ball is an
important factor determining the product quality. Particle size is reduced by the action of
impact and friction of balls with the powder. Thumb rule is, smaller the size of ball finer
the particle but it takes longer time to break down big particles, hence use mix of
different size balls. Motion of ball is controlled by the rotation speed of the mill. At
higher speed balls cling at the inner side of the mill due to centrifugal force, too low
speed would set the balls almost stationary at the bottom. In both case insufficient friction
between balls and particle would not break down the particle. Optimum speed is achieved
when balls are in circular monition and roll back to bottom from about three quarter way
to the top as shown in Fig 3.2.

The bulk polycrystalline Gdg7Srp3MnO; powder was ball milled for 12 hours by
conventional planetary ball mill (MTI corporation, Model: QM-3SP2) with stainless steel
vials and zirconia balls. The ratio of the ball and powder weight was 10:1 and the rotating

speed was set to 300 rpm.
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3.3 Structural Characterization techniques

3.3.1 Crystal structure

The particle size is one of the most important parameter that give the
characterization properties of the materials. Investigations of materials with nanosized
grains show that there is a critical crystallite size below which a dramatic change of
magnetic properties occurs. Physical parameters such as the size of magnetic domains,
the mean-free-path of the electron, the de-Broglie wavelength, the coherence length in
superconductors, the wavelength of elastic oscillations, and the size of the excitons in
semiconductors have all been to evaluate the threshold transition to the nanocrystalline
state [3].

The most widely used and direct method to determine sub-micrometer sized
particles is the electron microscopy, structural characteristics of specimens under

investigation may be examined down to the atomic scale in resolution

3.3.1.1 X-ray Diffraction

The texture can strongly affect the properties and behavior of materials. Tensor
properties of the material such as magnetic susceptibility, magneto-anisotropy, elastic
coefficients and electro-optic coefficient are especially dependent on texture. Indeed,
bulk materials, thin film and even the powder used in electronic applications have been
fabricated to carry preferred crystallographic orientation or texture. Various analytical
methods have been used to fulfill the requirement for the accurate crystallographic
characterization. Among them, X-ray diffraction (XRD) is a well-developed and widely
used technique [9].

X-ray diffraction (XRD) is a standard structural characterization technique for
bulk materials. A straight forward application of XRD technique is the determination of
the crystalline phase of a material. This is done by comparing the diffraction spectrum
peak positions and intensities with those in database. This is especially informative for
nanocrystalline materials that may contain several crystallographic phases, including
highly disordered or amorphous phases, and for nanocrystals whose crystal structural

may be different from that of the corresponding bulk due to surface effects.
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Conventional XRD methods (Bragg Brentano, grazing incidence) can provide
information regarding crystallinity, phase identification and qualitative assessment of
planar orientation. We have Philips X“pert system which uses Kjradiation of Cu at
wavelength of 0.154 nm. The Ky emission was filtered out by Ni filter. The crystalline

structures of our sample were characterized by XRD operating in four circle mode.

3.3.1.2 General mechanism of X-ray diffraction

Now considering an X-ray beam incident on a single crystal, a small fraction of
the incident beam will be scattered by the regular arrangement of atoms. To simplify the
case, the crystal as treated as a pair of parallel planes, P; and P,, separated by an

interplanar spacing d.

S,/

P,

Figure 3.3: Bragg diffraction of X-rays from successive planes of atoms. Constructive interference occurs
for ABC equal to an integral number of wavelengths.

In figure 3.3, the two parallel incident rays S; and S, make an angle 0 with these
planes. A reflected beam of maximum intensity will result if the waves represented by
S,’and S,/ are in phase. The path difference between S, to S,/ and S; to S,/ (AB+BC)
must be an integral number of wavelength A to satisfy the constructive interference. Then
we can express this relationship mathematically in Bragg™s law:

AB+BC=2dsin0=nA, wheren=1,2,3... (3.3)
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The interplanar spacing d, the distance between adjacent planes in the set (4 k [) of

a material with a cubic structure and lattice parameter a, can be obtained from the

equation:

1 h24+Kk2+12
daz a?

Combined these two equations, we can obtain:

1 _ h2+k2+1%2 _ 4sin?0
az a? T n222
Hence, it can yield:
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Figure 3.4: The schematic diagram shows the operation of XRD .

(3.4)

(3.5)

(3.6)

Each crystalline material has a unique x-ray diffraction pattern. The number of

observed peaks is related to the symmetry of the unit cell (higher symmetry generally

means fewer peaks). The locations of observed peaks are related to the repeating

distances between planes of atoms in the structure. And finally, the intensities of the
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peaks are related to what kinds of atoms are in repeating planes. The scattering intensities
for X-rays are directly related to the number of electrons in the atom. Hence, light atoms
scatter X-rays are directly related to the number of electrons in the atom. Hence, light
atoms scatter X-rays weakly, while heavy atoms scatter X-rays more effectively. These
three features of a diffraction pattern: the number of peaks, the positions of the peaks, and
the intensities of the peaks, define a unique, fingerprint X-ray powder pattern for every
crystalline material.

X-ray powder diffraction is a powerful tool for characterizing the products of a
solid state synthesis reaction. At the simple level, diffraction patterns can be analyzed for
phase identification, it can determine what crystalline substances present in a given
sample. More quantitatively, the peak positions can be used to refine the lattice
parameters for a given unit cell. Unit cells in three-dimensional repeating structures have
different shapes based upon the symmetry of the structure. In all cases, the unit cells are
parallelepipeds, but the different shapes arise depending on restrictions placed on the
lengths of the three edges (a, b, and c¢) and the values of the three angles (a, B, and v) as
showed in fig.

Figure 3.5: Sub unit of crystal lattice.
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3.4 Morphological Studies
3.4.1 Scanning Electron Microscope (SEM)

SEM is a type of electron microscope that creates various images (surface
morphology) by focusing a high energy beam of electrons onto the surface of a sample
and detecting signals from the interaction of the incident electron with the sample's
surface. The type of signals gathered in a SEM varies and can include secondary
electrons, characteristic x-rays, and back scattered electrons. In a SEM, these signals
come not only from the primary beam impinging upon the sample, but from other

interactions within the sample near the surface. The SEM is capable of producing

Figure 3.6: Photograph of Scanning Electron Microscope (SEM).

high resolution images of a sample surface in its primary use mode, secondary electron
imaging. Due to the manner in which this image is created, SEM images have great depth
of field yielding a characteristic three-dimensional appearance useful for understanding

the surface structure of a sample. This great depth of field and the wide range of
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magnifications are the most familiar imaging mode for specimens in the SEM.
Characteristic x-rays are emitted when the primary beam causes the ejection of inner
shell electrons from the sample and are used to tell the elemental composition of the
sample. The back-scattered electrons emitted from the sample may be used alone to form
an image or in conjunction with the characteristic x-rays as atomic number contrast clues

to the elemental composition of the sample.

The microstructure of the surface of the sintered pellets was observed using a field

emission scanning electron microscope (FESEM, JEOL, JSM 5800).

3.4.1.1 Scanning process and image formation

In a typical SEM, an electron beam is thermionically emitted from an electron gun
fitted with a tungsten filament cathode. Tungsten is normally used in thermo ionic
electron guns because it has the highest melting point and lowest vapor pressure of all
metals, thereby allowing it to be heated for electron emission, and because of its low cost.
The electron beam, which typically has an energy ranging from a few 100 eV to 40 keV,
is focused by one or two condenser lenses to a spot about 0.4 nm to 5 nm in diameter.
The beam passes through pairs of scanning coils or pairs of deflector plates in the
electron column, typically in the final lens, which deflect the beam in the x and y axes so
that it scans in a raster fashion over a rectangular area of the sample surface.

When the primary electron beam interacts with the sample, the electrons lose
energy by repeated random scattering and absorption within a teardrop-shaped volume of
the specimen known as the interaction volume, which extends from less than 100 nm to
around 5 pm into the surface. The size of the interaction volume depends on the
electron's landing energy, the atomic number of the specimen and the specimen's density.
The energy exchange between the electron beam and the sample results in the reflection
of high-energy electrons by elastic scattering, emission of secondary electrons by
inelastic scattering and the emission of electromagnetic radiation, each of which can be
detected by specialized detectors. The beam current absorbed by the specimen can also be
detected and used to create images of the distribution of specimen current. Electronic

amplifiers of various types are used to amplify the signals which are displayed as
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variations in brightness on a cathode ray tube. The raster scanning of the CRT display is
synchronized with that of the beam on the specimen in the microscope, and the resulting
image is therefore a distribution map of the intensity of the signal being emitted from the
scanned area of the specimen. The image may be captured by photography from a high
resolution cathode ray tube, but in modern machines is digitally captured and displayed

on a computer monitor.

3.4.2 Transmission electron microscopy (TEM)

The resolution capabilities of an optical microscope are limited by the wavelength
of light in the visible range. The transmission electron microscopy technique was
developed based on the idea that the interaction between the sample and electrons with
wavelength smaller than visible light, provides higher resolution so as to detail features
even as small as a single column of atoms. This technique usually combines the high
resolution imaging with elemental microanalysis and electron diffraction, so that a
complete characterization of the shape, size, chemical composition and crystalline
structure of a nanostructured material is achieved. In a TEM, an electron gun, located at
the top of it, emits the electrons by thermionic or field emission. These electrons travel
through vacuum in the column of the microscope where electromagnetic lenses focus
them into a very thin beam. The electron beam then travels through the specimen under
study. At the bottom of the microscope, he image is formed on the image plane of
objective lens from the unscattered electrons. Then, projector lenses form the images on a
screen or CCD camera. The nanostructures (nanoparticles, nanowires, core/shell, or
hollow particles) were first dispersed in a solvent, and separated by ultra-sonication. This
is a very important step, because the quality of image formed in a TEM is highly
sensitive to sample thickness. Hence, any agglomeration of the nanostructures will appear
as an opaque object to the electrons, and will result in loss of details. One drop of the
ultra-sonicated nanoparticle dispersion is then allowed to dry on a copper mesh grid with
carbon lining. When the grid is completely dry, it is then exposed to the electron beam
inside the TEM.

In this case, the morphology and physical structure of the nanoparticles were

studied using a FEI TECNAI TEM with a 200 kV accelerated voltage
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Figure 3.7: Photograph of Transmission Electron Microscope (TEM).

3.5 X-Ray Photoelectron Spectroscopy (XPS)

XPS works on the principle of photoelectric effect discovered by Heinrich Hertz
in 887. Upon radiation of appropriate energy incident, electrons are emitted from the
surface of metal. The relation between the energy of the excitation radiation, work
function of the metal and the maximum kinetic energy of the emitted electron as
proposed by Einstein in 1905 is:

hv=¢+KE___ (3.8)

D" 1s the work function of the metal, ,,hv*is the energy of the radiation, ,,KE . is the
maximum kinetic energy of the emitted electron. For analysing the core electronic
structure (0 — 1300 eV) of elements, radiation of high energy were used like X-rays,
hence the corresponding spectroscopy is termed X-ray Photoelectron Spectroscopy (XPS)
(Figure 3.8). Surface analysis by XPS is accomplished by irradiating a sample with
monoenergetic soft X-rays and analysing the energy of the detected electrons. Mg Ka
(1253.6 eV), Al Ka (1486.6 eV), or monochromatic Al Ka (1486.7 eV) X-rays are
usually used. These photons have limited penetrating power in a solid of the order of 1 —
10 um. They interact with atoms in the surface region, causing electrons to be emitted by

the photoelectric effect.
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Figure 3.8: Schematic diagram of a typical X-ray photoelectron spectroscopy (XPS).

The emitted electrons have measured kinetic energies given by:

KE=hv—-BE—-¢, (3.9)
where ,,hv“is the energy of the photon, ,,BE“ is the binding energy of the atomic orbital
from which electron originates, ,,¥s™ 1s the work function of the spectrometer. The inding
energy may be regarded as the energy difference between the initial and final states after
the photoelectron has left the atom. Because there are a variety of possible final states of
the ions from each type of atom, there is a corresponding variety of kinetic energies of
the 50 emitted electrons. Moreover there is a different probability or cross section for

each final state.

Because each element has unique set of binding energies, XPS can be used to
identify and determine the concentration of the elements in the surface. Variation in the
elemental binding energies (the chemical shifts) arise from differences in the chemical
potential and polarizability of compounds. These chemical shifts can be used to identify
the chemical state of the material being analysed. In our studies, X-ray photoelectron
spectroscopy (XPS, ULVAC-PHI Inc., Model 1600) analysis was carried out with a Mg-

K, radiation source.
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3.6 Magnetization measurement

3.6.1 Superconducting Quantum Interference Device (SQUID)

Superconducting Quantum Interference Device (SQUID) magnetometer is one of
the most effective and sensitive ways of measuring magnetic properties. In particular, it is
the only method which allows to directly determine the overall magnetic moment of a
sample in absolute units. The equations established by Brian David Josephson in 1962,
the electrical current density through a weak electric contact between two
superconductors depends on the phase difference A¢ of the two superconducting wave
functions [10]. Moreover, the time derivative of A is correlated with the voltage across
this weak contact. In a superconducting ring with two (Figure 3.9a, blue) weak contacts,
Ao is additionally influenced by the magnetic flux ® through this ring. Therefore, such a
structure can be used to convert magnetic flux into an electrical voltage. This is the basic

working principle of a SQUID magnetometer.

Figure 3.9: (a) Schematic diagram of the working principle of SQUID (flux to voltage converter). (b) The
detection coils of the SQUID.

To measure the magnetization of a sample, a field must be applied to the sample
to induce a net moment in the sample. The net moment induced in the sample induces a
current in the detector coils which are made from superconducting wire, the detector coils
are connected to the SQUID and the output voltage of the SQUID is directly proportional

to the current induced by the magnetization of the sample. Hence the SQUID acts as flux-
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to-voltage convertor and magnetization is measured from the induced voltage. In Figure
3.9b the setup of the detection coils is shown. There are coils at the top and bottom that
are wound anti-clockwise and two central coils wound clockwise. This arrangement of
detection coils means that variations of the magnetic field induce opposing current in the
clockwise and anti-clockwise coils which cancel each other, thus minimizing noise in the
detection circuit. The magnetization produced by the sample would not be uniform across
the sample space, with the detection coils measuring the local changes in the magnetic
flux density, in this way a current is induced in the detection coils by the sample*s net
magnetization. A cutaway view of the Quantum Design MPMS XL7 SQUID 45
magnetometer used for the measurement of magnetization of materials is shown in figure

3.10

Figure 3.10: Cutaway view of the MPMS SQUID VSM.
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3.6.2 Magnetic hysteresis loop

In the case of a typical ferromagnetic material the hysteresis loop as shown in Fig.

3.11, it gives the relation between the magnetization (M) and the applied field (H).

The parameters extracted from the hysteresis loop that are most often used to characterize
the magnetic properties of magnetic media include: saturation magnetization (M),
remanence (M;), coercive field (H.), susceptibility (y) and Curie temperature (T.). The

formal definition of the coercive field (H.) in the field required to reduce the

Figure 3.11: Typical hysteresis loop ferromagnetic materials.

magnetization process. It is a complicated parameter for magnetic films and is related to
reversal mechanisms, microstruclture, sample shape, dimensions of the crystallites,

nature of the boundaries, and also the surface and interfacial properties.

3.6.3 Technique of magnetization measurement

In this section we focus on the discussion of experimental technique used for

characterizing the magnetic nanoparticles and nanocomposites.

3.6.3.1 Zero-field cooled (ZFC) / Field-cooled (FC) curve

Zero field cooled (ZFC) experiments provide a means of investigating the effects

of the various magnetic interaction [11]. For small magnetic particles, the curve of

72



Chapter 3 Sample Preparation and Experimental Techniques

temperature dependence of magnetization has a typical shape as shown in Fig. 3.12. As
the particles cool in zero applied magnetic fields, they tend to be magnetized along
preferred crystal directions in the lattice, thus minimizing the magneto-crystalline energy.
Since the orientation of each crystallite varies, the net moment of the system will be zero.
Even when a small external field is applied, the moments will remain locked into the
preferred crystal directions in the low temperature portion of the ZFC curve. As the

temperature increases, more thermal energy is available to disturb the system.

Figure 3.12: Typical ZFC and FC curves for magnetic nanoparticles with blocking temperature (Tg).

Therefore, more moments will align with the external field direction in order to
minimize the Zeeman energy term. In other words, thermal vibration is providing the
activation energy required for the Zeeman interaction. Eventually, the net moment of the
system reaches a maximum where the greatest population of moments has aligned with
the external field. The peak temperature is called the blocking temperature (Tg), which is
dependent on the particle size. As temperature rise above Ty, thermal energy become
strong enough to overcome the Zeeman interaction and then results of randomize the
moments.

A field cooled (FC) measurement is proceed in a similar manner to zero-field
cooled (ZFC) except that the constant applied field in both cooling and heating process.
The net moment is usually measured while heating. However, the FC curve will diverge

from the ZFC curve at appoint near the blocking temperature as shown in Fig. 3.12. This
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divergence occurs because the spins from each particle will tend to align with the easy
axis that is closest to the applied field direction, and remain frozen in that direction at low
temperature.

The divergence of magnetization below Tg in the ZFC-FC curve is attributed to
the existence of magnetic anisotropy barriers [12]. The derivation of the magnetization

decay plot, f(T) represents the distribution of anisotropy energy barriers:

d MZFC

f(T) = ar 1,

)

where Mzrc denotes only the contribution of nanoparticle, the energy barriers of which
are overcame by the thermal energy at the measurement, while Mgpc represents the

contributions from all nanoparticles.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 XRD analysis of Gd,;Sr,;MnQO; materials

First of all, to determine the structural properties of the manganites system the
powder X-ray diffraction experiments were carried out. The XRD patterns of
Gdy7Srp3sMnO; bulk materials sintered at 1300 0C, nanoparticles prepared by

ultrasonication and ball milling techniques are shown in figure 4.1 [(a), (b) and (c)]. The

Figure 4.1: Powder X-ray diffraction patterns of Gd,;Sr,3MnOs (a) bulk materials sintered at 1300 OC, (b)
nanoparticles prepared by ultrasonication of their bulk powder materials for 60 minutes and (c)
nanoparticles prepared by ball milling of bulk powder materials for 12 hrs. The observed reflections were
indexed on the basis of an orthorhombic crystal system.
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reflections of bulk powder materials and nanoparticles prepared by ultrasonication were
indexed on the basis of an orthorhombically distorted perovskite structure [1,2]. The
lattice parameters for the bulk polycrystalline sample are: a = 5.4291 A, b =5.4415 A and
c = 7.6269 A. The lattice parameters are: a = 5.4291 A, b =5.4653 A and ¢ = 7.6022 A

for the corresponding nanoparticles prepared by ultrasonication.

The lattice parameters are in good agreement with the reported parameters of
orthorhombic Gdy 7Sr,3MnOs3 [1] manganites. The XRD patterns (figures 4.1 (a) and (b))
demonstrate the crystallinity of bulk materials as well as nanoparticles prepared by
ultrasonic energy, however, a tendency of crystalline to amorphous like phase transition
was observed in the nanoparticles synthesized by high energy ball milling as shown in

pattern (figure 4.1 (c)).

4.2 Morphological Studies and particle size of Gd,;Sr,;MnQO; materials

To investigate the microstructure of the surface of the pellets FESEM imaging
was carried out. Figure 4.2(a) demonstrates the surface morphology of the pellets of
Gdy7Sro3sMnOs bulk perovskite manganites. The surface of the pellets is pretty

homogeneous and the average grain size is around 1 £ 0.2 um.

The particle size of the synthesized nanoparticles was studied using TEM
imaging. Figure 4.2(b) and (c), show bright field (BF) TEM image of Gdy7Sry3:MnOs
particles, respectively, obtained at 60 minutes of sonication and 12 hrs of ball milling of
their bulk powders. The size of the ultrasonically prepared nanoparticles estimated from
this TEM image is 20-40 nm. The average size of the nanoparticle prepared by ball

milling technique is ranging from 100-150 nm.
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Figure 4.2: (a) FE SEM image of the surface morphology of bulk polycrystalline Gd,7Sry;MnO3
manganites sintered at 1300 °C for 6 hours. (b) Bright field TEM image of Gd,;Sry;MnO; nanoparticles
prepared by ultrasonication technique [3]. (c) TEM image of Gd, ;Sro3MnO; nanoparticles prepared by high
energy ball milling.
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(a)

5 nm

Figure 4.3: HRTEM images of the surface of Gd, ;Sr,3;MnOj; nanoparticles prepared by (a) ultrasonication
(b) by high energy milling of bulk their bulk powder materials. The surface roughness of the nanoparticles
produced by 12 hrs milling is clearly visible in image (b) and marked by arrow sign.

The surface of Gdy7Sro3MnO; nanoparticles prepared by ultrasonication and high
energy milling of their bulk powder materials are shown in figures 4.3 (a) and (b),
respectively. The surface roughness of the nanoparticles produced by high energy milling
is clearly visible (marked by arrow sign) in HRTEM image, figure 4.3 (b) unlike the
homogeneous surface of the ultrasonically prepared nanoparticles, figure 4.3 (a). This
roughness in ball milled nanoparticles may behave like a nonmagnetic layer and

consequentially affect the magnetic properties of the synthesized nanoparticles.
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4.3 XPS Analysis of Gd,;Sry;MnO; materials

To identify the chemical bonding in bulk materials and nanoparticles synthesized
by ultrasonication technique, X-ray Photoelectron Spectroscopy (XPS) have been

performed.

Figure 4.4: XPS spectra of all elements of (a) Gdy;Sro3MnO; bulk materials and (b) Gd,;Sry3MnO;

nanoparticles.
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Figure 4.4(a) and (b) show the XPS spectra of all elements of (a) Gdy7Sr,3MnO;
bulk materials and (b) Gdy7Sro3MnO;s nanoparticles prepared by ultrasonication
technique. As illustrated in the Mn2p spectra[Fig.4.4(a)] for Gdy7Sro;MnOs bulk
materials, two broad peaks at 642.30 eV and 654.08 eV are evident, corresponding to the

binding energies of Mn2ps3, and Mn2p,, respectively.

The binding energy of Mn2ps;» can be used to study the Mn valence state in
manganese oxide [4], which are 641.5¢V and 642.8 eV for Mn’" and Mn*" ions,
respectively. The binding energies for Gd and Sr are 142.30 eV and 133.17 respectively.
The measured binding energies for Gd, Sr, Mn etc. confirmed the phase purity of this

compound.

Figure 4.5: XPS spectra of the O 1s of Gd,7Sro3MnQOs (a) bulk polycrystalline powder materials sintered at

1300 °C, (b) nanoparticles prepared by ultrasonication technique and (c) nanoparticles prepared by ball
milling technique.
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Figures 4.5 (a), (b) and (c) demonstrate the O 1s XPS spectra of bulk
polycrystalline Gdy7Sro3sMnO3; manganites and their corresponding nanoparticles
prepared by ultrasonication and ball milling, respectively. The Ols XPS spectra of bulk
polycrystalline Gdy 7Sro3MnO3; manganites show a slightly asymmetric peak very close to
529.5 eV along with an additional peak. The asymmetric curves of the bulk sample can
be Gaussian fitted by two symmetrical peaks at 529.3 eV and 530.8 eV, respectively. The
lower binding energy peak at 529.3 eV corresponds to O s core spectrum, while higher
binding energy peak is attributed to the oxygen vacancies i.e. to the oxygen related
defects [5-7] in the sample. Interestingly, in the case of Gdy;Sro3MnO3 nanoparticles
prepared by ultrasonication have been observed a symmetrically single XPS peak (figure
4.5 (b)) of O 1S [8, 9]. This indicates the absence of oxygen vacancy in ultrasonically
prepared Gdy7Sro3sMnOs; nanoparticles. Similar to the ultrasonically prepared
nanoparticles, the ball milled nanoparticles also did not show any peak correspond to
oxygen vacancy as shown in figure 4.5 (c). It is expected that the presence and absence of
oxygen vacancies [10] in Gdy7Sro3MnO; bulk materials and their nanoparticles,
respectively will affect the mixed Mn’"/Mn*" valence state which ultimately will
influence their magnetization [11]. The absence of oxygen vacancies in the synthesized
nanoparticles is a good sign to explore their multiferroic as well as transport properties in

the future investigations.

4.4 Temperature dependent magnetization of Gd,;Sr,;MnQO; materials

using SQUID

To investigate the phase transition temperatures of bulk materials and
corresponding synthesized nanoparticles, the temperature dependent magnetization
measurements were carried out. Figure 4.6 (a), (b) and (c) demonstrate the temperature
dependence of the magnetization (M-T) curves of Gdy7Sry3MnOs bulk materials sintered
at 1300 °C, nanoparticles prepared by ultrasonication of their bulk powder materials for
60 minutes and nanoparticles prepared by ball milling of bulk powder materials for 12

hrs., respectively in zero field cooled (ZFC) and field cooled (FC) processes.
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Figure 4.6: Temperature dependence of magnetization (M-T curves) of of Gd,;Sr;;MnO; (a)
bulk materials sintered at 1300 °C, (b) nanoparticles prepared by ultrasonication and (c) ball milling

techniques in ZFC and FC processes. In each case the applied magnetic field was 500 Oe.
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To perform the experiment in the ZFC process, the sample was initially cooled
from 300K to 5K and data were collected while heating in the presence of the applied
field. On the other hand, in the FC mode, data were collected while cooling in the
presence of 500 Oe magnetic field. In the case of bulk Gd7Sr)3MnO3 manganites (figure
4.6 (a)) as well as nanoparticles prepared by ultrasonication technique (figure 4.6 (b)), a
clear splitting between ZFC and FC magnetization curves were observed below 42-47 K

under the application of a magnetic field of 500 Oe.

The splitting of the ZFC and FC curves clearly suggest that Gdy 7Sro3MnO3 bulk
materials and their corresponding nanoparticles are in a spin-glass-like state [1, 12, 13] at
temperatures below 42-47 K. Moreover, the temperature dependent magnetization curves
exhibit a paramagnetic to spin-glass like transition for both bulk powder materials and
ultrasonically prepared nanoparticles at temperatures T, = 35-40 K. The value of the
transition temperature is quite consistent with value reported in Ref. [13] for the same
manganite system. Notably, in the case of nanoparticles prepared by ball milling
technique, both ZFC and FC curves coincide with each other throughout the temperature

range.

Beside this, nanoparticles prepared by ball milling did not show any phase
transition, however, an upturn of magnetization was observed at low temperature which
indicate their weak ferromagnetic nature. In this way, the magnetic behavior of the
nanoparticles synthesized by ball milling technique is pretty different than those of bulk

materials and corresponding nanoparticles prepared by ultrasonication.

To estimate whether there is any difference between the transition temperature of
the nanoparticles and bulk materials, the field cooled magnetization curves for
nanoparticles and bulk materials have plotted again shown in figure 4.7. There is no
difference between their transition temperature i.e. the T, value for nanoparticles as well

as bulk materials was same and it 1s 37 K.
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Figure 4.7: The field cooled (FC) magnetization curves exhibit the coincidence of the transition
temperature of Gd, ;Sr,3MnO; nanoparticles and their bulk counterparts.

4.5 Magnetic Characterization of Gd,;Sr,;MnO; using SQUID

To further clarify the difference between the magnetic properties of bulk materials
and nanoparticles synthesized by two different techniques, field dependent magnetization
measurements were carried out. The magnetization vs magnetic field (M-H) hysteresis
loops of Gdy7Sryp3MnOs bulk materials, nanoparticles prepared by ultrasonication and
ball milling techniques were carried out at 300 K and also at 20 K, figures 4.8 and 4.9,

respectively.

The unsaturated linear curves without any detectable hysteresis as shown in figure
4.8 clearly indicate the paramagnetic nature of Gd, 7Sro3MnO; bulk powder materials and
their corresponding nanoparticles at room temperature. However, magnetization
measurement at 20 K, figure 4.9 demonstrated hysteresis with significant coercivities in
bulk materials and their corresponding nanoparticles prepared by ultrasonication

technique.
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Figure 4.8: The room temperature M-H curves of Gd,;Sro;MnOj; (a) bulk materials, (b) nanoparticles
prepared by ultrasonication and (¢) ball milling techniques. The linear curves demonstrate the paramagnetic
nature of bulk materials and corresponding nanoparticles at 300 K.

The coercive fields (Hc) can be quantified as He = (H.;- Hcp)/2 [14] where H,; and
H., are the left and right coercive fields, respectively. In this investigation, at 20 K, the
H. values are 1500 Oe for ultrasonically prepared nanoparticles and 910 Oe for the

corresponding bulk materials (in figure 4.10) whereas the coercivity was zero at 300 K.
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Figure 4.9: M-H hysteresis loop of Gd,;Sry;MnO; (a) bulk materials, (b) nanoparticles prepared by
ultrasonication and (c¢) ball milling techniques at 20 K.

In fact, the coercive fields are temperature dependent and increase with
decreasing temperatures [15]. With decreasing particle size, the surface to volume ratio of
the nanoparticles increases and the overall increase of surface anisotropy may cause
coercivity enhancement [16]. It should be noted that, in the case of nanoparticles
prepared by ball milling technique, the M-H curve was just a straight line with zero

coercivity both at 20 K and 300 K.

It is worth mentioning that the nanoparticles of a similar class of Lag gSry,MnOs_s
[16] and Lay;Cap3MnOs [17] manganites were prepared by using high-energy ball

milling started
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Figure 4.10: An enlarged view of M-H hysteresis loops showing the enhancement of the
coercivity of the ultrasonically synthesized nanoparticles (red line).

from bulk polycrystalline samples as were prepared in this investigation. The particle size
was found to decrease with milling time. For a longer milling time (>8 hours), the
particle size was reduced to around 12 nm measured from XRD pattern. However, the
ferromagnetic to paramagnetic transition temperatures, i,e, T, values of Lag7Cag3MnO;
nanoparticles [17] were found to decrease compared than those of unmilled bulk
polycrystalline powder materials [17]. Moreover, magnetization of the synthesized
nanoparticles was decreased dramatically compared to the bulk polycrystalline samples
[16, 17]. In the present investigation, instead of ball milling we did ultrasonication of
micron-size powder materials for 60 minutes and we obtained nanoparticles of sizes
ranging from 20-40 nm. Moreover, the transition temperatures of the ultrsonically
synthesized nanoparticles and their bulk materials was same (35-40 K) as shown in

figures 4.6 (a) and (b). The maximum magnetizations M; of Gdg7Sro3MnO; at 50 kOe
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for bulk materials, nanoparticles prepared by ultrasonication and ball milling techniques

were inserted in Table 1.

TABLE I: The table shows the maximum magnetization Ms of Gd,;Sr;3;MnO; at 50 kOe for

bulk materials, nanoparticles prepared by ultrasonication and ball milling techniques.

Maximum magnetization M (emu/g) at 50 kOe
T(K) Bulk materials Nanoparticles prepared | Nanoparticles prepared by
by ultrasonication ball milling
20 70 (emu/g) 60 (emu/g) 25 (emu/g)
300 7.8 (emu/g) 6.7 (emu/g) 2.5 (emu/g)

As shown in Table I, at 20 K, the maximum value of magnetization 70 emu/g at
50 kOe for bulk materials was reduced to 60 emu/g and 25 emu/g for ultrasonically
prepared and ball milled nanoparticles, respectively. Hence, both at 20 K and 300 K, the
net value of the magnetization of ultrasonically prepared nanoparticles was reduced
compared to that of the bulk sample, however, here the reduction was nominal compared
to the drastic decrease of magnetization for nanoparticles prepared by high energy ball
milling. The reduction in magnetization is in good agreement with values reported in
Refs. [16, 17] for manganite nanoparticles prepared also by high energy ball milling. The
degradation of the magnetic properties of nanoparticles prepared by high energy ball
milling than those of bulk materials and ultrasonically prepared nanoparticles might be
associated with contamination and amorphization of the nanoparticles due to 12 hours
ball milling. The dramatic decrease of the magnetization in nanoparticles prepared by ball
milling may be also related with formation of the nonmagnetic layer [16] at the surface of

the ball milled nanoparticles as was evident from HRTEM image, figure 4.3 (b).
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CHAPTERSS
CONCLUSIONS

5.1 Conclusions

By using ultrasonication technique Gdy7Sry3MnQOs nanoparticles were produced
directly from their bulk powder materials and the chemistry of the particles were likely
unaltered. Hence, bulk and nanoparticle materials were directly compared in terms of
magnetic properties than materials produced by two different synthesis techniques [1].
The nanoparticles were also synthesized by using high energy ball milling (milling time
12 hours) of bulk powder materials prepared by solid state reaction technique. The
magnetization of the nanoparticles prepared by high energy ball milling was found to
decrease drastically than those of ultrasonically prepared nanoparticles and their bulk
materials. Compared to the high energy ball milling for a longer time, here sonication of
bulk powder materials for 60 minutes produced rare-earth based manganite nanoparticles
without altering their phase transition temperature. At low temperature, the coercivity of
the nanoparticles produced by ultrasonication technique was enhanced than that of their
bulk materials. We believe that the demonstrated ultrasonication technique may be
promising for fabrication of other rare-earth based manganite nanoparticles and can be
further developed as a versatile technique for the preparation of nanoparticles of a wide

range of materials.

5.2 Future work

In the present investigation, the higher value of magnetization at 20 K (figure 4.9)
compared than that at room temperature (figure 4.8) may be due to the ordering of heavy
rare-earth ions like Gd*" [2,3]. The paramagnetic contribution of the ions also play role to
enhance magnetization at temperatures [4] and therefore, to know the exact alignment of
spins and the magnetic contribution of Gd** further investigations are required.
Magnetoresistance effect of this material system may be measured by applying a suitable
magnetic field. Investigations may also be carried out on similar magnetic system like

(La, Nd)SrMnO3; manganites.
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