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SYNOPSIS

Nanomaterials show interesting properties which make them appealing in various dis-

ciplines of science and engineering. Behavior of these materials is different from cor-

responding bulk form. Finite size and surface effects are mainly responsible for these

new properties. Superparamagnetism is one such unique phenomenon. This behavior

is only exhibited by sufficiently small particles of ferro, ferri and antiferromagnetic

materials. Temperature and applied magnetic field strength are two well known pa-

rameters affecting the magnetization of magnetic particles. But, there are also several

other factors affecting the magnetization process in these systems. Effect of particle

size distribution and magnetic anisotropy on the magnetization process of two antifer-

romagnetic nanoparticle systems have been discussed in this work. An outline of the

thesis is as follows.

Chapter 1 contains introduction of the work. It begins with physics of magnetic ma-

terials followed by the change in behavior of materials with reduction in size,

properties of nanoparticles, magnetism of nanoparticles, magnetization process

in nanoparticles, literature review and motivation.

Chapter 2 describes processing of Ferritin and synthesis of two samples of NiO nanopar-
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ticles. It also contains working principles of x-ray diffractometer, transmission

electron microscope, thermogravimetric analyzer, atomic absorption spectrome-

ter and vibrating sample magnetometer.

Chapter 3 describes the detailed characterization results on ferritin. Structural and

morphological characterization of ferritin is done by using x-ray diffractometer

and transmission electron microscope. Ferritin particles are found to be poorly

crystalline. It has a core-shell structure. The obtained transmission electron mi-

croscope shows the dense cores only. Average core size is found to be about 8

nm. Thermal stability of ferritin is analyzed using thermogravimetric analyzer.

The core of ferritin is supposed to contain ferrihydrite. Therefore, the thermal

behavior of ferritin is expected to be similar to ferrihydrite. But, the thermal

decomposition of ferritin is found to be different than that of ferrihydrite. It indi-

cates that the ferritin core consists of some other phases along with ferrihydrite.

Zero field cooled and field cooled susceptibility as a function of temperature are

measured in an applied field of 250 G. Both curves are seen to bifurcate at 17 K.

The M-B loop at 5 K shows a hysteresis. But, the M-B loop at 300 K does not

show any hysteresis. These measurements confirm that the behavior of ferritin

is superparamagnetic. Magnetization of ferritin is also measured as a function

of applied magnetic field at different temperatures in superparamagnetic region.

These curves are fitted to suitable expressions to study the effect of particle size

distribution and magnetic anisotropy following a non-linear least square fit pro-

cedure. It is found that both parameters affect the magnetization process of
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ferritin.

Chapter 4 describes characterization of two samples of NiO nanoparticles prepared by

thermal decomposition of nickel hydroxide. Structural characterization of the

synthesized nickel hydroxide powder is done using x-ray diffractometer. Thermo-

gravimetric analysis of nickel hydroxide shows that this material decomposes to

NiO on heating above 250 oC. Two samples of NiO nanoparticles are prepared

by heating nickel hydroxide powder at 250 and 300 oC in an inert atmosphere.

The structural and morphological characterizations of these particles are done by

x-ray diffractometer and transmission electron microscope. Both samples have

wide particle size distributions. Average particle sizes are found to be 5 and 8

nm. Zero field cooled and field cooled susceptibility as a function of temperature

curves in an external magnetic field of 250 G are seen to bifurcate at 300 and

330 K. The M-B loops at 10 K have hysteresis. But the M-B loops at 350 K do

not have any hysteresis. These observations indicate that both samples of NiO

nanoparticles are superparamagnetic. Magnetization as a function of applied

magnetic field data at 350 K are fitted to a suitable expression which considers

the role of particle size distribution. This analysis is found to be useful in es-

timating particle size distribution. The estimated particle size distributions for

both samples are compared with corresponding distributions determined from

transmission electron micrographs.

Chapter 5 summarizes the carried out work. It also discusses scope for future work.
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Chapter 1

INTRODUCTION

Physics behind different states of matter has gained a privileged status in the broad

field of research. Their properties give an insight into new and interesting concepts that

lead to the discovery of new theories. Understanding these theories helps in bringing

the development of new materials for advancements in technology. Several models

were proposed to define the constituents inside matter. In ancient Greek, philosophers

proposed that tiny atoms collectively build matter. At the beginning of 18th century,

a chemist Dalton postulated that matter is made up of indivisible small atoms. After

that, many theories came into existence to shed light on the composition of matter.

Later on, it was discovered that these atoms are further divisible into smaller entities.

Thus, all materials are composed of the smallest fundamental block called an atom.

The arrangement of atoms and the forces which bind them together is responsible

for the characteristic behaviour of materials. Different states of matter have different

atomic order and bonding. Certain properties, based on the bonding and arrangement

of atoms, classify matters into different categories. Among these, solids are well-studied

class so far. One of the most striking feature of solids is their characteristic rigidity

due to the strong bonding present between their atoms. Classically, we can represent

solids as an assembly of atoms connected by springs that hinder their relative motion.

However, at high temperature, atoms start oscillating and displace with respect to

each other. Based on the atomic arrangement, these solids can be crystalline and
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non-crystalline. The most analysed class of solids is crystalline. In crystalline solids,

atoms follow a regular and periodic pattern. These crystals tend to retain their long-

range three-dimensional atomic arrangement which repeats in all spatial directions.

Most of the solids found in nature are crystalline because this symmetry has the least

configurational energy. The study of crystalline solids has become more pronounced

when newer families of materials with fascinating properties have been produced. The

physics of different behaviour in these solids is vast but we limit our discussion by

focusing on the magnetic study of solids.

1.1 Physics of Magnetic Materials

Magnetism in crystalline solids has been known for centuries. But, this phenomenon

was somewhat understood in the twentieth century. The origin of magnetism in solids

was advanced by several discoveries. These discoveries were put forward to study

magnetic phenomena and their effects.

The arrangement of atoms in solids is the basis for their exciting properties. Atoms

contain electrons, protons and neutrons. Electrons revolve around the positively charged

nucleus of an atom which holds protons and neutrons inside it. The presence of elec-

trons in the outermost orbit affects the properties of solids. The interactions and

alignment of spins in atoms decide the overall magnetic behaviour in solids. The re-

volving electrons around the nucleus have their respective orbits and possess orbital

motion. These rotating electrons act as dipoles and contribute to the magnetic moment

in crystals. The orbital magnetic moment µL is given by [1]

µL = −gL
e

2m
L, (1.1)

where gL is Lande splitting factor, L is orbital angular momentum, m is the mass of

an electron and e is the electronic charge. The value of the Lande splitting factor is 1
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for pure orbital motion. The electron also spins about its axis. Due to the orientation

of these spins, the electron has a spin magnetic moment µS given by [1]

µS = −gS
e

2m
S, (1.2)

where gS is the Lande splitting factor and S is spin angular momentum. The value

of the Lande splitting factor is 2 for a pure spin. The atomic magnetic moment has a

minute contribution from the nuclear spin.

The orbiting electrons around the nucleus have their respective shells. The atoms

with filled outermost shells have zero net magnetic moment. Because there is perfect

cancellation of magnetic moments. But, atoms with unfilled outermost shells possess

some net magnetic moment. Therefore, these unfilled outermost shells account for the

magnetic moment in materials. The magnetic moments are coupled with each other

via some interactions, mainly exchange, and dipolar interactions. Magnetic order in

the systems is determined through the strength of these interactions and their response

towards external energies.

The direct manifestation of the magnetic field is the region in space up to which

magnetic forces show their influence. Crystalline solids are found to show response

towards the magnetic field. Depending on their behaviour with respect to the mag-

netic field and the relative orientations of their magnetic moments, they are classified

into diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, and antiferromagnetic

materials [2–4]. Materials that show negligible response towards magnetic field are

called diamagnetic. The atoms of these materials have no unpaired electron in their

valence shell. So, their net magnetic moment is zero. These materials have a very low

and negative value of magnetic susceptibility. Although diamagnetism is present in all

materials, yet due to its weak nature it can be observed only in materials having zero

atomic magnetic moment. Paramagnetic materials have unpaired electrons in their
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constituent atoms. In absence of an external magnetic field, their magnetic moments

are randomly oriented and cancel the effect of each other, it cause negligible magnetic

moment in these materials. But, they get feebly attracted towards the externally ap-

plied magnetic field. Ferro, ferri, and antiferromagnetic materials have exchange and

dipolar interactions among the magnetic moments. Due to this, these materials possess

magnetic orders.

Behaviour of large magnetic crystals has been always a part of many course studies.

Bulk magnetic materials have many contributions in technology as magnetic storage,

sensors, electronic devices, biomedical, transportation, etc. [1, 5–9]. But, there occurs

a drastic change in their properties with reduction of particle size and start exhibiting

interesting phenomena [10–13].

1.1.1 Classical Langevin theory

Consider N non-interacting magnetic moments µ at temperature T . These moments

will be randonly oriented which give net zero magnetization. If an external magnetic

field B is applied then the moments will try to align themself along the field direction.

The Zeeman energy Ez is given as

Ez = −µ.B = −µBcosα, (1.3)

where α the angle between a magnetic moment and applied magnetic field. This energy

is minimum when the particles are aligned along the magnetic field and maximum when

they are antiparallel to the magnetic field. At high temperature, these moments follow

Maxwell-Boltzmann statistics. The probability f(E) that a moment is aligned at an

angle α with the applied magnetic field is given by

f(E) = A exp(
−Ez
kBT

) = A exp(
µBcosα

kBT
), (1.4)
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where A is a normalization constant. Using theory of canonical ensemble, the mean

value of projection of µ along the applied magnetic field direction

µ̄ =

π∫
0

µ cosα exp(−Ez

kBT
) sinαdα

π∫
0

exp(−Ez

kBT
) sinαdα

=

π∫
0

µ cosα exp(µB cosα
kBT

) sinαdα

π∫
0

exp(µB cosα
kBT

) sinαdα

. (1.5)

Substituting x = µB cosα
kBT

and solving the integrals, one gets

µ̄ = µL(x), (1.6)

where L(x) = [coth (x)− ( 1
x
)] is the Langevin function, x = µB

kBT
and kB is Boltzmann

constant. The magnetization of the system M(B, T ) = Nµ̄ = NµL(x).

1.2 Nanoparticles

Particles having all three dimensions confined to nanometre range are called nanopar-

ticles. These particles can be prepared in laboratories and also exist naturally in the

environment [10, 11, 14, 15]. Their behaviour is scientifically found to be unique and

engrossing [10, 13, 16]. Because of their novel behaviour, scientists are more inclined

to study these particles. The study of the physics of nanoparticles is very interesting

because the reduced dimensions make their behaviour significantly different than their

bulk counterpart. It is due to the role of surface atoms that become prominent as the

size of particle decreases. The surface to volume ratio is negligible for bulk crystals and

it increases with decreasing particle size. The surface and size effects become very im-

portant once we reach the nanometer range. The engraved properties of nanoparticles

are found to be promising candidates in many useful applications [17]. Novel works on

the studies of nanoparticles have been reported by several authors.

The quantum size effects start dominating with reduction of particle size to nanome-
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tre range [11]. It is related to the spatial confinement of electrons inside the particle.

In bulk materials, the energy bands are continuous. Because the number of atoms in

macro or microparticles are large and are in the order of Avogadro’s number. Due

to it, the atomic energy levels are closely spaced. These closely spaced energy levels

overlap and form continuous energy bands. Whereas in nanoparticles, the particle size

is smaller than the de Broglie wavelength associated with electrons. It restricts the mo-

tion of electrons and quantum mechanics starts playing a significant role. The confined

motion of electrons is like a particle in a box and is defined by the Schrodinger equa-

tion. And therefore, the energy levels are discrete in nanoparticles. The reducing size

also increases the number of surface atoms compared to the core of the particle. The

increased surface energy and quantum confinement in these particles have modified the

physical, optical, chemical, electronic, mechanical, and magnetic properties. Presently,

the properties of these particles have brought a revolution in nanotechnology that is

not recognized in any other technological development. The valuable consequences

and impacts of nanoparticles on scientific advancement can only be realized if their

properties are well exploited.

1.3 Properties of Nanoparticles

Size and surface effects in small particles make them own a different place from those

of corresponding bulk materials. Their properties are briefly summarized below.

1.3.1 Physical properties

Reduced dimensions change the physical behaviour of materials. The increase in

surface-to-volume ratio increases surface energy and decreases the cohesive energies

of particles. It leads to a decrease in average interparticle strength which results in a

change of thermodynamic behaviour of the system. Therefore, nanoparticles have a

low melting point compared to their bulk forms. For example, the melting point of
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bulk Au and GaN are 1064 and 2770 K, respectively. But, the melting points of 3 nm

Au and GaN are found to be 500 and 1747 K, respectively [18]. Reduction in particle

size also limits the movement of dislocations. Due to it, the hardness of nanoparticles

is more than their bulk forms.

1.3.2 Optical properties

Quantum states of electrons in atomic orbitals can be varied using the light of suitable

frequency. It affects the overall optical behaviour of materials. Precise knowledge

of how matter and light interact to create an optical phenomenon is necessary to

utilize materials in many applications. Scattering and absorption in materials can

be altered by controlling the size of particles. The optical band gap in nanoparticles

decreases which shifts the position of absorption peaks in materials towards lower

wavelength [19]. At the nanoscale, the color of metal particles changes due to the

resonance in the absorption spectrum called surface plasmon resonance [20]. In bulk

materials, the plasmon frequency lies in the UV region while in nanoparticles it is in

the visible region. The frequency of surface plasmon also depends upon the shape of

the nanoparticle. For example, the color of gold and silicon particles becomes red at

nanoscale [11].

1.3.3 Chemical properties

Chemical reactivity in nanoparticles is usually modified because the number of atoms

participating in the reaction changes. The fraction of atoms lying on the surface

increases with decreasing particle size and enhances the chemical reactivity. Therefore,

nanoparticles are also used as more effective catalysts in chemical reactions [21]. Also,

the ability to transfer charge increases in small particles and make them useful in

various electrochemical applications [22].
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1.3.4 Electronic properties

The conductivity of materials is affected by several factors such as temperature and

particle size. In solids, the electrical conductivity is defined by band structure. The

separation between valence and conduction bands is called the energy band gap. Due

to a size reduction, the quantum size effects change the band gap. It leads to an in-

crease in band gap of metals and semiconductors that decreases the conductivity of

nanoparticles. The density of states in these bands is reduced and replaced by quan-

tized levels [23]. The quantization of levels is size-dependent and affects the electrical

behaviour of nanoparticles. Quantum dots show an effect called the Coulomb blockade.

In this, the current flow is not observed till the applied voltage reaches e
2C

, where C is

the capacitance. The current flow increases in steps of n e
2C

, where n = 1, 2, 3, ... [24].

1.3.5 Mechanical properties

Mechanical properties, such as fracture toughness, fatigue resistance, scratch resistance,

hardness, etc. are modified with decreasing particle size. Defects are more prominent

in bulk materials than smaller particles. Therefore, nanoparticles have lesser defects

and so high mechanical strength. The yield strength of materials is described by the

Hall Petch equation

σy = σo +
k√
D
, (1.7)

where σy is yield strength, σo and k are material constants defining resistance towards

dislocations and strength, respectively, D is the diameter of particles or grains. Ceram-

ics are generally hard and brittle but with the reduction in grain size they can easily

be pressed and sintered. The hardness of Cu/Nb nanocomposite becomes four times

greater than their bulk form [10,20].
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1.3.6 Magnetic properties

The occurrence of different magnetic behaviour as the particle goes from multi-magnetic-

domain to single-magnetic-domain is an intrinsic property. The magnetic characteris-

tics exhibited by single-magnetic-domain are different from their micro or bulk counter-

parts. Decreasing size causes different surface and volume energy compared to macro

materials. At the nanoscale, the boundary conditions of the system change and no

longer remain periodic. Superparamagnetism is one such interesting phenomenon ob-

served in these systems [25]. This discovery has triggered research in the physics of

magnetic nanoparticles. When thermal energy becomes larger than magnetocrystalline

energy, the energy which is responsible for the alignment of spins in a particular di-

rection, the magnetization vector is no longer fixed in a particular direction. The

particle magnetic moment starts fluctuating randomly and the phenomenon is called

superparamagnetism. In this state, the small particles collectively show large magnetic

moment and display paramagnetic-like characteristics and are termed superparamag-

netism. Magnetization of ferro or ferrimagnetic materials are observed to be decreased

with decreasing size of the particles.

Small particles of magnetic materials have been extensively studied during the

last few decades. Their studies have been amassed by their different properties and

applications. Before understanding the magnetization in nanoparticles, we shall discuss

crystal anisotropy.

1.4 Magnetocrystalline Anisotropy

The magnetization vector of particles remains fixed in a preferred direction called an

easy axis. There is another direction along which it is most difficult to orient the mag-

netization vector. It is called the hard axis. The energy associated with the orientation

of the magnetization vector with respect to the easy axis is called magnetocrystalline
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anisotropy energy. This energy has the lowest value if the magnetization vector remains

along the easy axis. The magnetization vector can be rotated in a controlled manner

by the application of an external magnetic field. The thermal energy causes the mag-

netization vector to flip in an uncontrolled manner. Magnetic anisotropy in crystals

is determined by the spin-orbit coupling of electrons. This is one of the main factors

that affect the shape of magnetization curves. It simply means that there is a direct

strong dependence of magnetization along some preferred direction. It is important

to consider anisotropy in magnetization studies because most commercially designed

materials make use of it. That is why thorough information about magnetic anisotropy

is important for understanding its practical uses. There are many forms of crystal or

magnetic anisotropy. The magnetocrystalline anisotropy energy per unit volume for a

cubic system in a crystal is given by [1]

Ecubic = K0 +K1(α
2
1α

2
2 + α2

2α
2
3 + α2

3α
2
1) +K2(α

2
1α

2
2α

2
3) +−−−−, (1.8)

where K0, K1, K2, ... are anisotropy constants and α1, α2, α3 are the directions

consines which saturation magnetization makes with cubic directions. The simplest

form of crystal anisotropy is uniaxial anisotropy. In this case, the system has only one

preferred direction. Hexagonal cobalt is one such system. Here, the c axis is the easy

axis and any axis that lies within the plane perpendicular to it is a hard axis as shown

in Fig. 1.1.

The magnetocrystalline anisotropy energy for an uniaxial system in a crystal is

given by [5]

Ean = −(K2V cos2 β +K4V cos4 β +K6V cos6 β +−−−−), (1.9)

where K2, K4, K6, ... are anisotropy constants, β is the angle between ~µ and the
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Fig. 1.1: Easy axis of a hexagonal unit cell.

easy axis unit vector ~e and V is the volume of the particles. Usually, the first term

of anisotropy energy is most significant. Putting K2 = K, the expression for magne-

tocrystalline anisotropy energy in an uniaxial system takes form

Ean = −KV cos2 β. (1.10)

This expression clearly shows that anisotropy energy is dependent on the volume of

the particle. Figure 1.2 shows variation of anisotropy energy Ean as a function of angle

β, the angle between the magnetization vector and the c axis. As the magnetization

vector rotates away from the easy axis, the anisotropy energy increases with increas-

ing β. The anisotropy energy takes its maximum value for β = 90o and then starts

decreasing for any further increase in β. It then takes its original minimum value for

β = 180o. From Fig. 1.2, it is clear that the height of the energy barrier between two

minimum energies is KV . This energy barrier can be overcome by the application of
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magnetic field and temperature.

Fig. 1.2: Magnetocrystalline anisotropy energy Ean as a function of angle β for an
uniaxial system.

There are many methods for determining the magnetic anisotropy constant i.e.

torsion pendulum, torque curves, magnetization curves, and magnetic resonance [1].

1.5 Superparamagnetism

The unique and interesting observations exhibited by small magnetic particles make

them the subject of intensive research [16, 26]. These particles have owned an impor-

tant place in the field of science and technology with emerging applications in magnetic

storage media, biomedicines, electronic devices, etc. [10,11,13]. According to Néel and

Brown, an ensemble of nanoparticles with weak or negligible interactions shows super-

paramagnetic behaviour [27, 28]. The magnetization process in ferro or ferrimagnetic

materials is well studied in the superparamagnetic region. Bulk forms of these materi-

als show hysteresis loops in magnetization M as a function of the applied magnetic field
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B curve below the Curie temperature Tc. These materials consist of magnetic domains

which are separated by domain walls. These domain walls arise because the materials

tend to have minimum possible energy. Therefore, these systems have multi-domains,

each has spins aligned in a particular direction. Due to it, their magnetization is ac-

companied by rotation of domain walls and they show hysteresis on the application

of the magnetic field. These materials have large magnetization. With the reduction

in particle size, the saturation magnetization of these systems decreases because of

disordered atoms on the surface [29]. Within nanometre range, below a certain size, no

domain walls are formed and the particle magnetic moment participates in rotation.

At high temperature, the orientation of the particle moments is not stable and fluctu-

ates quickly in random directions. Thus, these materials no longer retain the hysteresis

curve and their remanence is zero. This displays the superparamagnetic character. It

was assumed earlier that only small particles of ferro and ferrimagnetic materials show

superparamagnetism [25]. But later on, nanoparticles of antiferromagnetic materials

were also found to show this similar characteristic. Bulk antiferromagnetic materials

possess zero net magnetic moment. But for small particles, the disordered moments on

the surface of atoms contribute to magnetization whereas the core does not have any

contribution. Therefore, in antiferromagnetic particles, the magnetization decreases

with increasing particle size [30]. The origin of magnetic moment in antiferromagnetic

materials is explained by two sublattices model.

The bulk crystals of antiferromagnetic materials consist of two sublattices [2]. In

one dimension system, each sublattice has a parallel alignment of magnetic moments

but both the sublattices have magnetic moments arranged in opposite directions. Due

to these equal and opposite magnetic moments, the net magnetization is zero in the

absence of a magnetic field and at temperature T = 0 K. However, this is not always

the case as the number of opposite magnetic moments needs not to be exactly equal and

the material possess a net magnetic moment. In two dimensional system, a missing
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Fig. 1.3: Antiferromagnetic ordering of magnetic moments (a) in one-dimensonal sys-
tem with zero net magnetic moment, (b) system shows magnetic moment due
to incomplete cancellation of spins, (c) in two dimensional sytem with zero net
magnetic moment, and (d) one layer of spins is missing showing net magnetic
moment.

layer of spin contributes to some magnetic moment in antiferromagnetic materials.

The explanation for it is shown in Fig. 1.3. Similar is the case for a three-dimensional

system.

The magnetization process inside material is well explained by its temperature,

applied magnetic field, and time dependence. We shall now concise our discussion to

analyse how the relaxation mechanism and spin orientation contribute to magnetization

behaviour under the effect of these factors in the superparamagnetic region.

1.5.1 Behaviour of superparamagnetic particles

In superparamagnetic particles, the magnetization vector flips randomly between en-

ergy minima when thermal energy becomes larger than the anisotropy energy. The
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probability with which magnetization vector changes its orientation by crossing energy

barrier KV is exp(− KV
kBT

). This probability is directly proportional to the frequency

with which the magnetization vector fluctuates. Thus, the magnetization dynamics of

superparamagnetic systems are described by Eq. (1.11). Here, ν is the frequency with

which the magnetization vector fluctuates between energy minima. This is known as

Néel-Arrhenius law.

ν = ν0 exp(−KV
kBT

), (1.11)

where ν0 lies in between 108 to 1012 Hz [31]. The relaxation time of these random

fluctuations is described by

τ = τ0 exp(
KV

kBT
). (1.12)

Clearly, the relaxation time depends on the volume V of the magnetic nanoparticles.

The presence of volume defines a particular size of the particle for the superparamag-

netic transition to occur at a threshold temperature. There is always a narrow or broad

distribution in particle size in a sample of nanoparticles. Particles with relaxation time

order of experimental observation time contribute to the magnetization process. The

relaxation time has a great impact on magnetic behaviour. If the relaxation time of

particles is greater than the experimental measurement time (τm) i.e. τ � τm, then the

particle magnetic moment appears to be blocked along with its preferred orientation.

This state is called a blocked state. But, when the relaxation time is less than the

experimental measurement time then the magnetization vector of the particle observe

to be fluctuating randomly and the average orientation of the magnetic moment ap-

pears to be zero in the given experimental time window. The particle in this state

behaves like paramagnetic with giant susceptibility and is called superparamagnetic.

These magnetization measurements can be done by fixing and varying experimental

observation time. During dc magnetization measurements, the frequency of the signal

is not varied and has a fixed value of experimental observation time of 100 s. It occurs
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for τ0 = 10−11 s. In ac magnetization measurement, the experimental observation time

can be varied by changing the frequency of the applied magnetic field.

The relaxation process of spins in magnetic systems is greatly affected by applying

external perturbations. Information about the response to the external perturbations

gives a clearer picture of the magnetization in materials. Magnetization as a function

of temperature and applied magnetic field data are used to study the magnetic be-

haviour of magnetic particles. Figure 1.4 represents the measurement of susceptibility

χ as a function of temperature T by cooling sample in the presence and absence of

applied magnetic field for superparamagnetic particles. These curves are quite infor-

mative. In zero field cooled susceptibility measurement, firstly, the sample is cooled

to low temperature in absence of an external magnetic field while in field cooled mea-

surement the temperature of the sample lowers in the presence of an external magnetic

field. After this, a small magnetic field is applied and data is collected with increasing

temperature. During ZFC susceptibility measurements, at low temperature and zero

applied magnetic field, the magnetic moments are aligned randomly along their easy

axis. When a low magnetic field is applied the moments slowly try to rotate along the

magnetic field and result in small magnetization in the sample. As the temperature

rises, the magnetic moments start relaxing along the magnetic field, and magnetization

increases with increasing temperature. The increase in temperature causes a decrease

in the relaxation time of flip. After the further increase in temperature, the mag-

netization reaches a peak point and saturates. At this point, the relaxation time of

particles becomes equal to the measurement time scale of the experiment i.e. τ = τm.

The temperature at which the peak point occurs in the ZFC curve is called blocking

temperature TB. In the vicinity of blocking temperature, the thermal energy becomes

almost equal to anisotropy energy and blocking temperature is given as TB = KV
25kB

.

The blocking temperature TB is the same for the individual particle in a system of

non-interacting particles of uniform size. If the system is polydispersed, then there
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is always a distribution of blocking temperature that arises due to the distribution in

particle size. Above blocking temperature, the particle magnetic moment relaxes fast

and thermal energy overcomes the energy barrier. The orientation of particle mag-

netic moments fluctuate randomly between two energy minima and magnetization of

the system starts decreasing. In this region, the coercivity of the system and the area

under the M -B loop becomes zero because of the fast relaxation of the particle. These

are the characteristics of a superparamagnetic system. During the FC susceptibility

Fig. 1.4: Zero field cooled (ZFC) and field cooled (FC) susceptibility curves for super-
paramagnetic system.

measurements, an applied field is present while cooling the sample to low temperature.

There are two types of FC curve measurements (a) field cooled cooling (FCC) (b)

field cooled warming (FCW). During FCC, the measurements are done during cool-

ing and in FCW mode, the sample is cooled in the presence of some magnetic field

and the measurements are taken with increasing temperature. At low temperatures,

the magnetic moments aligned more towards the magnetic field direction and shows
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Fig. 1.5: Magnetization M as a function of applied magnetic field B for superparam-
agnetic system.

large susceptibility. Briefly, ZFC and FC curves display some features (a) both curves

merge at high temperature and shows a paramagnetic like character (b) when lowering

temperature susceptibility increases until a point reached where these curves diverge

due to the magnetic anisotropy and the temperature at this point is called bifurcation

temperature Tbf . After that, susceptibility in the FC curve still rises gradually but the

ZFC curve exhibits a peak called blocking temperature, and susceptibility decreases

with further lowering the temperature.

An external applied magnetic field also affects the relaxation process and the over-

all behaviour of magnetic materials changes because the magnetic moments try to

align along the field direction. M -B loop also depicts the characteristics of the su-

perparamagnetic system. The magnetization M versus applied magnetic field B loop

for superparamagnetic particles is shown in Fig. 1.5. The shape of this loop depends

upon the region of temperature measurement. If the measurements are done below
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the blocking temperature TB, the magnetic moments relax slowly and display an area

under the M -B curve. Above blocking temperature, the relaxation time decreases

and the area under the M -B curve shrinks to zero. The magnetization of magnetic

nanoparticles increases with an increase in the magnetic field.

In 1961, Néel reported that antiferromagnetic materials also show superparamag-

netism as their particle size reduces to nanometer range [27]. In superparamagnetic

region, the magnetic behaviour of ferro or ferrimagnetic particles is different from anti-

ferromagnetic systems. Magnetization as a function of applied magnetic field of these

systems in superparamagnetic region is described by Langevin equation given as

M(B, T ) = M0L(x), (1.13)

where M0 is saturation magnetization, L(x) = [coth (x) − ( 1
x
)] is the Langevin func-

tion, x = µB
kBT

, µ is particle magnetic moment and kB is the Boltzmann constant. The

magnetization of ferro or ferrimagnetic nanoparticles saturates at higher fields. But in

antiferromagnetic systems, the magnetization does not saturate at higher fields, but

increases linearly. The slope of curve in linear region gives antiferromagnetic suscep-

tibility of particle cores. Therefore, this equation is different for antiferromagnetic

system and the magnetization process in antiferromagnetic particles in superparamag-

netic region is described by adding an extra linear term in B in Eq. (1.13) as

M(B, T ) = M0L(x) + χB. (1.14)

Here χ is the antiferromagnetic susceptibility of particle core. This equation is called

as modified Langevin equation.
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1.5.2 Applications of magnetic nanoparticles

The magnetic behaviour of nanoparticles is an area of wide interest because of their

enormous applications. Their remarkable features are the reason for their beneficial

applications as follows:

• Drug delivery using magnetic nanoparticles has an advantage over most chemother-

apies. Magnetic nanoparticles directly release drugs inside the body to tumor

cells [17]. The magnetic forces are capable of administering the drug to a spe-

cific area without any side effects. For this purpose, biocompatible magnetic

nanoparticles are attached to the drug and a magnetic field gradient is applied.

With the help of magnetic force, the nanoparticles act as vehicles to direct the

transfer of the drug to the targeted area. Biocompatible materials like iron oxide

nanoparticles are commonly used for drug delivery.

• Nanoparticles of magnetic materials are used for bioseparation of molecules, cells,

proteins, DNA due to their extremely small size compared to the size of biological

entities [32, 33]. The biological entity which is to be separated is tagged with

magnetic nanoparticles and separated on the application of magnetic force [17].

• One of the remarkable use of magnetic nanoparticles in biomedicines is hyper-

thermia, which is proved to be a boon in the medical field. These particles are

used in the treatment of invasive tissues. Cancer cells and tumors are sensitive to

high temperatures. Magnetic nanoparticles activate in the presence of a magnetic

field and heated at desired temperature using the alternating external magnetic

field [17, 34]. These are assumed to be good candidates for treating cancerous

tumors as they can be magnetically guided to the affected area without damaging

the healthy cells.

• Magnetic nanoparticles are also found to be promising candidates for clinical di-
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agnosis. Magnetic resonance imaging (MRI) is a widely used diagnostic technique

for detecting the structure and function of tissues [35]. In this technique, mag-

netic nanoparticles are used to make contrast and widen the diagnosis of specific

tissues.

• Magnetic nanoparticles are also used for magnetic recording and information

storage [7]. The stability of magnetic data storage depends upon the magnetic

anisotropy energy. Large magnetic anisotropy is required for the storage medium

to withstand thermal fluctuations, otherwise, it will lead to loss of information.

• Due to small size, the increased surface area of magnetic nanoparticles enhances

their catalytic activity [21]. Therefore, these particles are used for increasing the

reaction rate.

• Nanoparticles of magnetic materials are also used as biosensors. Bioanalysis of

cells, proteins, or biomolecules with good sensitivity can be done using magnetic

nanoparticles [36].

1.6 Literature Review and Motivation

Many works have been carried out to understand the magnetic behaviour of small

particles for the past few years. The rotation of magnetic moment plays a crucial

role in the magnetization of nanoparticles. Two mechanisms are known as Néel and

Brownian relaxations explain magnetic rotations in these systems [28, 37]. Accord-

ing to Néel model, the magnetization vector of particle aligned in a specific direction

and fluctuate in up and down state under the influence of external energies. But, in

Brownian relaxation theory, external energies rotate the whole particle [38]. These

rotations are affected by external parameters temperature and magnetic field which

are responsible for providing thermal energy and Zeeman energy, respectively. Earlier,
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we have discussed, the dependence of relaxation time on these energies. Particle mag-

netic moment relaxes slowly in low-temperature region [25,39]. At higher temperature,

the relaxation of particle magnetic moments appear faster and the magnetization of

the system reaches equilibrium. This region represents the superparamagnetic state

of nanoparticles. Nanoparticles of ferro and ferrimagnetic materials were extensively

studied in this region during the last few decades [25]. The unique behaviour exhibited

by these particles was the reason for their popularity among researchers. These small

particles are used in various technological applications [17, 40]. The magnetization of

these systems was well described by several authors by Eq. (1.13) [16].

Later on, it was discovered that antiferromagnetic nanoparticles exhibit different

behaviour compared to ferro or ferrimagnetic systems. Researchers found that mag-

netization in antiferromagnetic particles did not follow Eq. (1.13) in superparamag-

netic region. In 1995, Kilcoyne studied the magnetization of antiferromagnetic ferritin

nanoparticles and found that the magnetization of ferritin is described by the Langevin

equation after adding an extra linear term in B [41]. After adding this term, the equa-

tion is called modified Langevin equation i.e. Eq. (1.14). In 1997, it was reported

that magnetization vs applied magnetic field data of antiferromagnetic systems fer-

ritin and NiO in the superparamagnetic region was well-fitted with modified Langevin

equation [42,43]. Later on, groups of researchers investigated the magnetization of an-

tiferromagnetic nanoparticles system using this equation [44–48]. The anomalies were

always found using the modified Langevin equation alone, due to the non-consideration

of several factors. Because this equation is based on assumptions that all particles have

the same size and magnetic anisotropy energy is zero. Researchers suggested includ-

ing a log-normal distribution in particle magnetic moment in the modified Langevin

equation. In 2005, Silva et al. fitted the magnetization curves of ferritin samples using

modified Langevin equation and found inappropriate values of fit parameters [48]. Also,

scaling-law is used to study the temperature dependence of magnetic parameters such
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as magnetic susceptibility and mean uncompensated moment. Then, they analysed

magnetization data considering a log-normal distribution in the magnetic moment and

found physically meaningful fit parameters. The decrease in particle size leads to sur-

face disorders, magnetic frustrations, and spin canting which result in uncompensated

magnetic moment. The contribution of the thermo-induced magnetic moment was also

assumed to be responsible for the observed increased magnetic moment with tempera-

ture in the studies [49]. Several other authors also concluded that the consideration of

particle magnetic moment distribution is important while analysing the magnetization

data of any nanoparticle system [48,50–57]. Magnetic anisotropy is another important

factor that affects the magnetization in nanoparticles [5,58–60]. Madsen et al. studied

the effect of magnetic anisotropy on the magnetization of antiferromagnetic nanopar-

ticles and concluded it as a necessary parameter for analysing magnetization data of

nanoparticles. But, the simultaneous effect of magnetic anisotropy and particle size

distribution has not been studied. This motivated me to work on this issue. This

thesis presents detail magnetic investigations on naturally occurring antiferromagnetic

ferritin and laboratory synthesized NiO nanoparticles. The objectives of this thesis are

• Structural and morphological characterization of iron storage protein ferritin and

NiO.

• Thermal characterization by TGA.

• Measurements of magnetization M as function of temperature T and applied

magnetic field B.

• Analysis of magnetization data.

Ferritin is an iron storage protein found in the blood of mammals [61]. The 7-8 nm

core of this molecule is shielded by a 2-3 nm thick protein shell [62]. This shielding

is the reason for the reduction in strength of dipolar interactions among particles and
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makes this system a model superparamagnetic [41]. The ferritin core consists of ferric-

oxyhydroxide-phosphate complex having molecular formula (FeOOH)8[FeOOPO3H2]

[63]. Many studies were attempted to find the crystal structure of ferritin but to date, it

is not understood clearly [61,63–65]. But, the major phase of its core is reported similar

to mineral ferrihydrite (FeOOH·nH2O) [66]. Ferrihydrite is one of the main ore of the

iron oxide family [67]. Magnetization studies and thermal behaviour of ferrihydrite are

well-reported [44–46, 54, 68–73]. But still, its disputed crystal structure is a subject

of concern [74]. Some other studies claimed the presence of other phases along with

ferrihydrite which is still an ambiguity [62,65,75,76]. Some authors reported the study

of iron oxide particles synthesized from ferritin core by heating it at arbitrarily different

temperatures [77,78]. Ferritin cores have almost uniform size and narrow particle size

distribution. On the other side, NiO is also an antiferromagnetic system, and its

magnetic behaviour was extensively studied by different authors [30,43,51,79–84]. The

synthesized NiO samples have wide particle size distribution. In this way, we are

motivated to analyse the magnetization data of these two systems by considering the

presence and absence of magnetic anisotropy. Also, the effect of narrow and wide

particle size distribution in the magnetization process has been established.
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EXPERIMENTAL DETAILS

In this chapter, processing of ferritin sample, synthesis of nickel oxide nanoparticles

and working principle of used characterization techniques are discussed.

2.1 Sample Preparation

Nanoparticles of different materials are usually prepared by suitable physical and chem-

ical methods [10]. Popular physical methods are inert gas condensation, laser pyrolysis,

flame spray pyrolysis, physical vapour deposition etc. whereas popular chemical meth-

ods are sol-gel synthesis, hydrothermal method, co-precipitation, polyol synthesis etc.

One can control shape, size and distribution by regulating few parameters during the

process. Chemical reactions take place at the atomic or molecular level. Due to this, it

is easy and convenient to control particle morphology following chemical routes for the

synthesis of nanoparticles. These methods also have added advantage of being cheap

in comparison to physical methods. There are also few nanoparticles systems found in

nature. Ferritin is one such example. It is found in the blood of living organisms [61].

This thesis is based on the structural, thermal, and magnetic characterization of ferritin

and NiO nanoparticles.

Ferritin: A 100 ml sample of ferritin from the equine spleen is purchased from

Sigma Aldrich Corporation, USA in form of a 0.15 M saline suspension. The salinity

controls the osmosis pressure and protects the blood cells from being damaged. A
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diluted form of this suspension is used for transmission electron microscopy. The

original suspension is dried under vacuum (5 × 10−4 torr) at room temperature. The

dried brown coloured flakes are ground to get fine powder of ferritin. This powder

sample of ferritin is used for further characterization.

Nickel Oxide Nanoparticles: Nickel hydroxide powder is synthesised by a chem-

ical method [30,82,85]. For this, a 4 M aqueous solution of sodium hydroxide is added

dropwise to a 0.5 M aqueous solution of nickel nitrate hexahydrate, while continuously

stirring, till the pH of the solution reaches 12. The used chemicals are purchased from

Sigma Aldrich Corporation, USA. The resulting green precipitate is washed several

times with distilled water. It is dried at 100 oC. The dried flakes are ground to get a

fine powder of nickel hydroxide. This powder is heated at 250 and 300 oC for three

hours in an inert atmosphere to get NiO particles.

2.2 Experimental Techniques

In the present work, the samples are characterized by an x-ray diffractometer, trans-

mission electron microscope, thermogravimetric analyzer and vibrating sample magne-

tometer. Working principles of these techniques are described below.

2.2.1 X-ray diffractometer

X-ray diffractometer is used for the determination of the crystal structure of materials.

Crystalline solids consist of sets of parallel atomic planes. These planes are at a sepa-

ration of few angstroms. So, the radiation used for diffraction must have a wavelength

of few angstroms. Due to this, x-rays are used for this purpose. These radiations can

also penetrate deep inside the crystal.

If a monochromatic parallel beam of x-rays of wavelength λ is incident on a set

of parallel atomic planes then the reflected rays undergo constructive interference if

2d sin θ = nλ, where d is interplanar distance, θ is the Bragg angle and n = 1, 2, ....
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It is known as Bragg’s law [2]. The value of n indicates the order of diffraction. The

intensity of the diffracted beam decreases with an increase in order. Because of this

reason, we usually observe only first-order diffraction pattern in a conventional x-ray

diffractometer.

Fig. 2.1: X-ray diffraction from parallel atomic planes.

A powder x-ray diffraction pattern consists of several peaks. Each peak corresponds

to a Bragg reflection from a particular set of the parallel atomic plane. The diffraction

peaks have finite broadening. Instrument, non-uniform lattice strain and crystallite

size are responsible for this. The lattice strain can be avoided by controlling suitable

parameters during sample preparation. The crystallite size t and line broadening BM

are related by Scherrer formula as [86]

t =
0.9λ

BM cos θ
. (2.1)

Here BM is the width where intensity is half of its peak value. It is called full width
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at half maximum. This equation shows that the crystallite size is inversely proportional

to the line broadening. But, this equation does not consider the role of instrumental

broadening. However, if we subtract full width at half maximum BS of the same peak in

the x-ray diffraction pattern of a standard bulk sample then the effect of instrumental

broadening can be avoided [86]. So, a modified form of the Scherrer formula which

takes care of the instrumental broadening is

t =
0.9λ

cos θ(BM −BS)
. (2.2)

This form of the Scherrer formula assumes that the diffraction peaks have Lorentzian

nature. If the diffraction peaks have Gaussian nature then the term (BM − BS) is

replaced by
√
B2
M −B2

S.

A PANalytical X’Pert Pro x-ray diffractometer has been used to characterize pow-

dered samples in the present work.

2.2.2 Thermogravimetric analyzer

Sometimes materials are susceptible to heat and change their phase on heating. Dur-

ing this process, the materials may undergo physical and chemical changes. In this

instrument, the material is heated at a constant heating rate in the air or any other

specific environment [87]. The change in mass of the sample is recorded as a func-

tion of temperature and time. The results of the analysis give information about loss

of water and solvent, vaporisation, sublimation, decarboxylation, oxidative stability,

decomposition, pyrolysis. Also, the mass changes that occur during heating are used

to calculate the weight fractions of components of the sample. Several instrumental

and sample related factors may affect the results of the analysis. For example, heating

rate, the mass of the sample, particle size, thermal conductivity, the geometry of pan,

furnace atmosphere and gas flow rate etc. One can easily optimize these factors for
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Fig. 2.2: Schematic representation of thermogravimetric analyzer.

highly reproducible results.

In present work, NETZSCH Jupiter thermogravimetric analyzer is used. Measure-

ments are performed in air at a constant heating rate of 5 oC/minute.

2.2.3 Transmission electron microscope

Resolving power of any microscope is limited by phenomenon of diffraction. It dom-

inates when separation between objects to be resolved becomes comparable to the

wavelength of used radiation. Conventional optical microscopes use visible radiation

and so these cannot resolve objects closer than 0.5 micron.

A transmission electron microscope uses a beam of energetic electrons [88]. Elec-

trons can easily be accelerated by the application of a potential difference. The wave-

length of associated de Broglie waves decreases with the increasing energy of electrons.

Therefore, the resolving power of the transmission electron microscope increases with
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increasing strength of applied potential difference for the acceleration of electrons. The

wavelength λ of de Broglie waves and applied potential difference V are related as [86]

λ =

√
150

V
. (2.3)

If V = 200 kV then wavelength λ turns out to be 0.087 nm. It means one can resolve

objects at a distance of 0.087 nm apart. Thus, the resolving power of a transmission

electron microscope increases with an increasing potential difference.

This instrument operates in two modes. These are image mode and diffraction

mode. Image mode gives information about the morphology of the particles and crystal

planes. Diffraction mode works on Bragg’s diffraction law. An electron diffraction

pattern from many randomly oriented particles consists of concentric diffuse rings.

Each ring corresponds to a particular set of parallel atomic planes and so a particular

Bragg angle. One such pattern is shown in Fig. 2.3.

Fig. 2.3: Electron diffraction pattern from randomly oriented crystals.
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In this work, JEOL JEM 2100Plus and FEI Tecnai transmission electron micro-

scopes operating at a voltage of 210 kV have been used.

2.2.4 Atomic absorption spectrometer

It is an important technique to determine the concentration of an element in a given

material. Commonly, the spectroscopy technique involves atomic emission or absorp-

tion which occurs due to the transition of valence electrons. In an electronic transition,

under applied energies, an electron shifts from one energy level to another that involves

the emission or absorption of radiations at particular frequency or wavelength, λ = c
ν
.

For a specific electronic transition, the parameters ν and λ are unique. An element

undergoes many electronic transitions and produces lines of spectra that identify the

element. Atomic absorption spectroscopy involves the absorption of some optical ra-

diation due to free atoms in a gaseous state. This technique follows Beer-Lambert

law.

In this technique, when light falls on the gas phase of an element, the light of a

particular wavelength at resonance is absorbed by its atoms. The output signal is

directly proportional to analyte atoms [89]. As their number increases, the intensity

of absorbed light also increases. In this way, the elemental composition of a given

material can be determined. The sample under analysis is provided thermal energy to

dissociate it into its chemical compound.

Before analysis, the sample preparation is necessarily done using digested methods.

The digestion of the sample should be done with extreme care to obtain good results.

In this study, GBC Australia 932AA spectrometer has been used. The sample has

been digested using nitric acid.
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Fig. 2.4: Block diagram of atomic absorption spectrometer.

2.2.5 Vibrating sample magnetometer

To understand the magnetic behaviour of materials, one must know about their mag-

netic properties. Magnetic measurements are quite informative and can be measured

by several methods [1]. A vibrating sample magnetometer (VSM) is an instrument

used to determine the magnetic behaviour of materials. Magnetization measurements

as a function of temperature and applied magnetic field are done using it. It works on

the principle of Faraday’s law of electromagnetic induction [90]. The VSM is a sensitive

instrument and can be used to measure weak and strong magnetic moments. In VSM,

the sample is placed between magnetic poles and a pickup coil in the sample holder.

The sample holder is connected to a vibration exciter. This unit is responsible for the

sinusoidal up and down motion of the sample at some frequency usually below 40 Hz.

As the magnetized sample vibrates, an emf is induced in a near-by pickup coil. This

emf is proportional to the magnetic moment of the sample. The pickup coil senses it
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Fig. 2.5: Arrangement of electromagnets, pickup coils, vibration unit and output unit
in vibrating sample magnetometer.

and the amplified electric signal is recorded using a lock-in amplifier.

In this work, a commercial vibrating sample magnetometer (Quantum Design,

MPMS) has been used for magnetization measurement. The powder sample is tightly

packed inside a non-magnetic capsule.



Chapter 3

FERRITIN NANOPARTICLES

In this chapter structural, thermal and magnetic characterization of ferritin nanopar-

ticles are presented.

3.1 Structural Characterization

Figure 3.1 (a) shows x-ray diffraction pattern of ferritin at room temperature. Broad-

ened diffraction peaks are due to poor crystallinity of the ferritin cores [63]. The ferritin

cores also contain phosphate ions [66]. Ratio of iron and phosphate ions in ferritin core

depends on its origin. The degree of crystallinity decreases with increasing concentra-

tion of phosphate ions in the system. The sharp peaks correspond to NaCl present

in original suspension. The dried sample contains about 60 wt% NaCl. One drop of

sufficiently diluted suspension is allowed to dry on a carbon coated copper grid for

transmission electron microscopy. The obtained transmission electron micrograph of

the sample is shown in Fig. 3.1 (b). Such micrographs show dense inorganic cores

only [91]. Ferritin molecules are seen to be almost spherical in shape. The average

core size is about 8 nm. Figure 3.1 (c) shows selected area electron diffraction pattern

from ferritin particles. Two diffractions corresponding to two most intense peaks from

This chapter is based on following published works:
1. Thermal decomposition of ferritin core, Navneet Kaur and S. D. Tiwari, Applied Physics A:
Materials Science & Processing 125, 805 (2019).
2. Role of Particle Size Distribution and Magnetic Anisotropy on Magnetization of Antiferromagnetic
Nanoparticles, Navneet Kaur and S. D. Tiwari, Journal of Physics and Chemistry of Solids 123, 279
(2018).
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Fig. 3.1: (a) Room temperature x-ray diffraction pattern, (b) transmission electron
micrograph, (c) selected area electron diffraction pattern and (d) a histogram
of the distribution of particle size for ferritin. Bragg’s reflections from ferritin
are not detected. Dotted circles are visual guides. Indexed peaks and rings
correspond to NaCl.

NaCl are clearly visible. Figure 3.1 (d) shows histogram for statistical distribution of

particle diameter D. This distribution is based on size measurement of 100 particles.

It peaks at 8 nm. The arithmetic mean of particle size is found to be 8.4 nm with a

standard deviation of 1.6 nm. The sample is also characterized by atomic absorption

spectrometer to determine concentration of iron. For this, the sample is digested in

nitric acid. The iron concentration turns out to be 10 wt% in present ferritin sample.

Many compounds are not thermally stable and decompose to other compounds on
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heating. Decomposition of ferritin is studied with thermogravimetric analyzer (TGA).

For this, the sample is heated in air at constant heating rate of 5 oC per minute.
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Fig. 3.2: (a) TGA and (b) DTG curves for ferritin.
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The TGA and differential thermogravimetric analysis (DTG) curves for ferritin are

shown in Fig. 3.2. Initial mass loss around 100 oC can be attributed to loss of surface

adsorbed water. After this, the rapid mass loss can be attributed to decomposition

of protein shell of ferritin. Protein molecules are known to decompose between 150

and 300 oC [92]. The mass loss at 420 oC must represent decomposition of ferritin

cores. The mass of sample becomes almost constant around 550 oC. Two major mass

losses around 800 and 970 oC are again observed. Mass of the system becomes almost

constant after this temperature.

The ferritin is heated in air for three hours at 100, 200 and 300 oC. The x-ray

diffraction patterns of these samples are almost similar to that of original sample.

That is, the core of ferritin does not yet start to decompose. In other words, only

protein shell of ferritin has decomposed by this temperature. The resulting sample is
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Fig. 3.3: X-ray diffraction patterns of ferritin samples heated at (a) 550 and (b) 1050
oC.
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Fig. 3.4: (a) Transmission electron micrograph and (b) selected area electron diffraction
pattern for ferritin sample heated at 550 oC. Dotted circles are visual guides.

again heated in air at 550 oC for three hours. X-ray diffraction pattern of this sample is

shown in Fig. 3.3 (a). This heat treated sample contains a mixture of γ-Fe2O3, α-Fe2O3,

NaCl and sodium phosphate [93–96]. The sodium phosphate must be formed due to the

reaction between phosphate and sodium ions. One group reported formation of sodium

sulfate due to heat treatment of ferritin [78]. Formation of iron oxide nanoparticles
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by heating monolayer and multilayer of horse spleen ferritin at 400 oC has also been

reported [78]. It is claimed that monolayer results only γ-Fe2O3 whereas multilayers

results a mixture of γ-Fe2O3 and α-Fe2O3 phases. Origin of mass loss around 800 oC is

very interesting. It is melting point of NaCl. Usually, melting process does not cause

any mass loss. But NaCl has an interesting characteristic behaviour. The NaCl releases

Fig. 3.5: (a) Transmission electron micrograph and (b) selected area electron diffraction
pattern for ferritin sample heated at 1050 oC. Dotted circles are visual guides.
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chlorine gas after melting and reacts with atmospheric oxygen to form Na2O followed

by formation of Na2O2 [97–100]. Melting point of Na2O2 is 495 oC and so vaporizes

immediately [101]. In this way, NaCl is eliminated from the system. This whole process

begins around 800 oC and completes by 1035 oC. The decomposed ferritin sample is

heated at 1050 oC for three hours in air. The x-ray diffraction pattern of this sample

is shown in Fig. 3.3 (b). This final sample is seen to consist of only α-Fe2O3 and

sodium phosphate. Somewhere beyond 550 oC, γ-Fe2O3 converts in to α-Fe2O3. This

conversion does not involve any change in mass of system. Bulk γ-Fe2O3 converts to

α-Fe2O3 between 400 and 600 oC [102, 103]. This transition temperature is affected

by several factors such as particle size, lattice defects, pressure, method of synthesis,

dopants etc [104, 105]. The transition has also been found to occur at 750 oC for γ-

Fe2O3 nanoparticles synthesized using NaOH. It is claimed that sodium ions diffuse in

the lattice of γ phase and hence hinder the process [105]. Recently, we studied thermal

decomposition of two and six lines ferrihydrite nanoparticles [73]. It is found that both

samples decompose to α-Fe2O3 on heating in air above 440 oC. The decomposition of

two and six lines ferrihydrite are also seen to be quite sharp. It is observed in present

study that decompositions of ferrihydrite and ferritin are not similar.

Both heated samples are further characterized with transmission electron micro-

scope. For this, one drop of dispersion of powder sample in ethanol is allowed to dry

on carbon coated copper grid. Figures 3.4 (a) and 3.5 (a) show transmission electron

micrographs of samples. These micrographs show that the particle size increases with

increasing temperature of heat treatment. Selected area electron diffraction patterns

from both samples are also recorded to detect any presence of other iron oxide phases.

Figures 3.4 (b) and 3.5 (b) show selected area electron diffraction patterns. Origin of

each ring is also indexed. In Fig. 3.4 (b), electron diffraction from γ-Fe2O3, α-Fe2O3,

NaCl and sodium phosphate are clearly seen whereas in Fig. 3.5 (b) diffraction from

α-Fe2O3 and sodium phosphate are visible.
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Fig. 3.6: ZFC (solid symbol) and FC (open symbol) susceptibility χ as a function of

temperature T for ferritin in 250 G applied magnetic field.

3.2 Magnetization

3.2.1 Temperature dependence

Figure 3.6 shows zero field cooled (ZFC) and field cooled (FC) susceptibility χ as a

function of temperature T in 250 G applied magnetic field for ferritin. This figure

shows that the ZFC and FC curves bifurcate at temperature Tbf ≈ 17 K. A peak is

also seen in the ZFC curve near this temperature. However, the FC susceptibility is

seen to decrease monotonically with increasing temperature. These are characteristics

of a superparamagnetic system.
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Fig. 3.7: M -B loops for ferritin at 5 and 300 K.

3.2.2 Field dependence

Figure 3.7 shows M -B loops at 5 and 300 K. The data at 5 K shows a hysteresis.

This temperature is below the bifurcation temperature Tbf . In this region, the mag-

netization relaxes slowly and a hysteresis in the M -B loop is seen. The system is in

superparamagnetic state above the bifurcation temperature Tbf . The magnetization

relaxation is extremely fast in this region and so any hysteresis is not seen in the M -B

loop. Because of this reason, there is no hysteresis at 300 K.

Figure 3.8 shows magnetization M as a function of applied magnetic field B for

ferritin at different temperatures in superparamagnetic region. The magnetization in-

creases with increasing strength of applied magnetic field. At higher magnetic fields,

specially, the magnetization increases almost linearly with applied field. The magne-

tization is also seen to decrease with increasing temperature. These observations are
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Fig. 3.8: Magnetization M as a function of applied magnetic field B for ferritin at

different temperatures.

as per expectation for antiferromagnetic nanoparticle systems in superparamagnetic

region.

3.3 Particle Size Distribution

Magnetization M of antiferromagnetic particles, in superparamagnetic state, as func-

tion of applied magnetic field B and temperature T is described as [41–45, 47, 48, 50–

52,106]

M = M0L(x) + χB, (3.1)

where L(x) = [coth (x) − ( 1
x
)] is the Langevin function and x = µB

kBT
. Here M0 is

saturation magnetization, µ is particle magnetic moment, kB is the Boltzmann constant

and χ is antiferromagnetic susceptibility of particle core. Particle magnetic moment in
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antiferromagnetic particles arises due to presence of uncompensated spins on surface

[80], whereas the core does not have any contribution. If it is assumed that these spins

appear randomly then there will be about
√
Ns uncompensated spins on the surface,

where Ns is number of spins in the particle. In other words, the particle magnetic

moment of antiferromagnetic nanoparticle is directly proportional to square root of

particle volume V . That is, for spherical particles such as ferritin µ(D) = CD3/2.

Here C is a material dependent constant. Value of this constant can be calculated if

crystal structure of the material is correctly known. Here, this calculation is avoided

for ferritin because of its still disputed crystal structure [65].

The distribution of particle size in a nanoparticle system can be described by a
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Fig. 3.9: Magnetization M as a function of applied magnetic field B for ferritin at
different temperatures. Solid lines show fit to Eq. (3.3). Inset shows histogram
for particle size distribution. Curves show estimated particle size distribution.
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Tab. 3.1: Values of fit parameters N ,C, s, n, and χ to Eq. (3.3) and the values of R2

for ferritin at different temperatures.

T N (1016 C s n χ(10−6 R2

(K) /g) (nm−3/2) (nm) emu/g Oe)
200 6.85 12.30 0.295 8.20 9.27 0.9991
250 6.68 12.31 0.299 8.06 8.03 0.99997
300 6.32 12.20 0.256 7.90 7.13 0.9998

log-normal distribution function [48,51,107]

f(D) =
1

Ds
√

2π
exp(−

[ln(D
n

)]
2

2s2
), (3.2)

where s and n are parameters characterizing the distribution. Considering this distri-

bution in particle size, Eq. (3.1) takes the form

M(B, T ) = N

∫ ∞
0

µ(D)L(x)f(D)dD + χB, (3.3)

where N is total number of particles contributing to magnetization. This equation

is used to fit magnetization as a function of applied magnetic field data, shown in

Fig. 3.8, for ferritin. A non linear least square fit procedure is followed. Required

computer codes are written in Python. Estimated values of parameters N , C, s, n and

χ are shown in Table 3.1. Coefficient of determination R2, a measure of goodness of

fit, is also shown in the table. The resulting fits are shown as solid lines in Fig. 3.9.

The quality of fit is seen to be good. The estimated particle size distribution is shown

in the inset. It is very much clear that the estimated particle size distribution matches

reasonably well with that determined from transmission electron micrograph.
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3.4 Magnetic Anisotropy

While deriving Eq. (3.3), it is assumed that there is no anisotropy in the system. But,

this assumption is not true. In superparamagnetic region, the magnetic anisotropy en-

ergy is smaller than the thermal energy. For uniaxial system [5], the magnetocrystalline

anisotropy energy is approximately equal to −KV cos2 β, where β is angle between

particle magnetic moment ~µ and easy axis ~e. Here K is anisotropy constant and V

is particle volume. In presence of external magnetic field B, energy E of a particle is

sum of Zeeman energy and magnetocrystalline anisotropy energy. That is,

E(α, β) = −µB cosα−KV cos2 β, (3.4)

Fig. 3.10: Angles α, β, λ and φ used in calculation of magnetization.
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where α is angle between magnetic moment ~µ and applied magnetic field ~B. Using

Boltzmann statistics and theory of canonical ensemble, the mean value of projection

of ~µ along the applied magnetic field direction [108]

µ̄ =

2π∫
0

π∫
0

µ cosα exp(−E(α,β)
kBT

) sin βdβdφ

2π∫
0

π∫
0

exp(−E(α,β)
kBT

) sin βdβdφ

, (3.5)

where various angles are shown in Fig. 3.10 and related as cosα = sinλ sin β cosφ +

cosλ cos β. Equation (3.5) can be written as

µ̄(λ) = µ
T (λ)

N(λ)
, (3.6)

where

T (λ) =

2π∫
0

π∫
0

[sinλ sin β cosφ+ cosλ cos β] exp(−E(α, β)

kBT
) sin βdβdφ (3.7)

and

N(λ) =

2π∫
0

π∫
0

exp(−E(α, β)

kBT
) sin βdβdφ. (3.8)

T (λ) and N(λ) can be further simplified and written in terms of modified Bessel’s

functions [58]. However in this work, Eqs. (3.7) and (3.8) are used as such. In a

sample of magnetic nanoparticles, the anisotropy axes of N particles are randomly

oriented and so the expression for magnetization of the system

M =
N

4π

2π∫
0

dφ

π∫
0

µ̄(λ) sinλdλ =
Nµ

2

π∫
0

T (λ)

N(λ)
sinλdλ. (3.9)

Here saturation magnetization of the system M0 = Nµ. This expression for magneti-

zation assumes that all particles have equal volume. But, this assumption is not true
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Fig. 3.11: (a) Log-normal distribution in particle diameter for two different values of pa-
rameters s and n and (b) calculated magnetization curves for corresponding
particle size distributions considering absence (solid symbols) and presence
(open symbol) of magnetic anisotropy at 250 K.
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Fig. 3.12: Magnetization M as a function of applied magnetic field B for ferritin at
different temperatures. Solid lines show fit to Eq. (3.11). Inset shows his-
togram for particle size distribution. Curves show estimated particle size
distribution.

for a real sample of nanoparticles. There is always a distribution in particle volume

due to distribution in particle size and shape. For spherical particles V (D) = π
6
D3.

The distribution in particle diameter D can be described by Eq. (3.2). Considering

this distribution, the expression for magnetization takes form

M(B, T ) =

∫ ∞
0

Mf(D)dD, (3.10)

where M is given by Eq. (3.9). This equation describes the magnetization of ferro and

ferrimagnetic nanoparticles. The magnetization of antiferromagnetic nanoparticles will

be described by

M(B, T ) =

∫ ∞
0

Mf(D)dD + χB. (3.11)
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Tab. 3.2: Values of fit parameters N ,C, K, s, n, and χ to Eq. (3.11) and the values of
R2 for ferritin at different temperatures.

T N (1016 C K (104 s n χ(10−6 R2

(K) /g) (nm−3/2) Jm−3) (nm) emu/g Oe)
200 7.20 12.41 1.75 0.320 8.34 9.30 0.9998
250 6.78 12.36 1.59 0.267 8.32 8.00 0.99999
300 6.25 12.26 1.50 0.285 7.80 7.16 0.99992

From Eq. (3.11), after subtracting the linear term inB from magnetizationM(B, T )

and normalizing it by saturation magnetization M0 = Nµ, one finds that a plot of

(M−χaB)/M0 as a function of B at a given temperature T only depends on parameters

C, K, s and n. In other words, this plot should explain the magnetization process going

on inside the system. Figure 3.11 (a) shows plots of two log-normal distributions for

particle diameter. The curve corresponding to s = 0.2 represents a narrow distribution

whereas the curve corresponding to s = 0.8 represents a wide distribution. The value

of parameter n is chosen in such a way that the mean particle diameter, which is n
√
es2 ,

is 8 nm. The magnetization curve is calculated for these two distributions considering

the absence and presence of magnetic anisotropy at 250 K using Eq. (3.11). The data

are shown in Fig. 3.11 (b). Interesting observations are made from these plots. The

magnetization is greatly affected by the particle size distribution at lower as well as

higher magnetic fields. The same is seen to be affected by magnetic anisotropy only

at higher magnetic fields. The difference is seen to be small for narrow particle size

distribution. It is also worth mentioning here that Eq. (3.11) takes form of Eq. (3.3)

if K = 0.

From Eq. (3.11), it is clear that the magnetization of antiferromagnetic nanoparti-

cle systems in superparamagnetic region depends on parameters N , C, K, s, n and χ.

Values of these parameters are estimated for ferritin by fitting the M versus B data

shown in Fig. 3.8 to Eq. (3.11). This fit involves rigorous and time consuming calcu-
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lations. This process is speeded up by using several processors working in parallel. Fit

parameters are finalized after 104 iterations. The estimated values of parameters are

shown in Table 3.2. These new sets of parameters are seen to differ only slightly from

those shown in Table 3.1 because of narrow particle size distribution in ferritin. It is

worth mentioning here that bulk form of ferritin does not exist. Anisotropy constant of

any material is affected by presence or absence of factors like stress and strain [109–111].

It is also found to be dependent on particle size [112]. The resulting fits are shown in

Fig. 3.12 as solid lines. The inset shows estimated particle size distribution. A slight

improvement in quality of fit is evident from increased R2 values. One can still get

slightly better fit parameters by using much faster computational facility.
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3.5 Conclusion

In this Chapter, detailed investigations on structural, thermal and magnetic character-

ization ferritin nanoparticles are reported. The cores of ferritin are 8 nm in size and

poorly crystalline. These inorganic cores contain 10 wt% iron. Ferritin cores are stable

up to 300 oC. The cores decompose to a mixture of γ-Fe2O3 and α-Fe2O3 on heating in

air at 550 oC. This mixture stabilizes to α-Fe2O3 on further heating in air at 1050 oC.

The ferritin cores are found to be antiferromagnetic in nature. Both particle size

distribution and magnetic anisotropy affect the magnetization of superparamagnetic

systems. Values of different fit parameters are estimated by fitting the magnetization

as a function of applied magnetic field data to appropriate expressions. This work also

provides an easy and convenient method to estimate particle size distribution present

in magnetic nanoparticle systems.



Chapter 4

NICKEL OXIDE NANOPARTICLES

In this chapter preparation, structural and magnetic characterization of NiO nanopar-

ticles are discussed.

4.1 Structural Characterization
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Fig. 4.1: X-ray diffraction pattern of β-Ni(OH)2 powder sample.

This chapter is based on following published work:
Role of wide particle size distribution on magnetization, Navneet Kaur and S. D. Tiwari, Applied
Physics A: Materials Science & Processing 126, 349 (2020).
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X-ray diffraction pattern of synthesized green coloured powder sample is shown

in Fig. 4.1. This pattern confirms that the sample is single phase hexagonal β-

Ni(OH)2 [83]. Thermal decomposition of this material is studied with thermogravi-
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Fig. 4.2: (a) TGA and (b) DTG curves for β-Ni(OH)2.
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Fig. 4.3: (a) Room temperature x-ray diffraction pattern, (b) transmission electron

micrograph, (c) selected area electron diffraction pattern and (d) a histogram
of the distribution of particle sizes for NiO sample prepared by heating β-
Ni(OH)2 at 250 oC.

metric analyzer (TGA). For this, the sample is heated in air at constant heating rate

of 5 oC per minute. The TGA and differential thermogravimetric analysis (DTG)

curves for β-Ni(OH)2 are shown in Fig. 4.2. Initial mass loss around 100 oC can be

attributed to loss of surface adsorbed water. The mass loss at 250 oC must represent

decomposition of the sample. Mass of the system becomes almost constant after this

temperature. The x-ray diffraction pattern of this decomposed sample confirms that

β-Ni(OH)2 decomposes to NiO on heating in air above 250 oC.

Two samples of NiO are prepared by heating β-Ni(OH)2 at 250 and 300 oC for
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Fig. 4.4: (a) Room temperature x-ray diffraction pattern, (b) transmission electron

micrograph, (c) selected area electron diffraction pattern and (d) a histogram
of the distribution of particle sizes for NiO sample prepared by heating β-
Ni(OH)2 at 300 oC.

three hours in inert atmosphere. Room temperature x-ray diffraction patterns of these

samples are shown in Figs. 4.3 (a) and 4.4 (a). These patterns confirm that the samples

are single phase FCC NiO [82]. The diffraction peaks are seen to be very broad. It

indicates that samples are nanocrystalline. The average crystallite size is calculated

using the modified Scherrer formula [86]

t =
Kλ

cos θB(BM −BS)
(4.1)

where λ is the wavelength of the x-ray, θB is the Bragg angle, BM is the full width at
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half maximum of a peak and BS is the full width at half maximum of the same peak

of a standard sample. Bulk NiO powder is used as the standard. Value of K depends

on shape of particles. Three most intense peaks are used to calculate the average

crystallite size which turn out to be 5 and 8 nm considering K = 0.9. Instrumental

broadening is taken care in calculation by using (BM − BS) instead of BM in the

formula. Figures 4.3 (b) and 4.4 (b) show transmission electron micrographs of NiO

samples. Particles are seen to be of different shapes and sizes. Selected area electron

diffraction patterns are shown in Figs. 4.3 (c) and 4.4 (c). Rings in these patterns

once again confirm the crystalline nature of samples. Particle size distributions are

determined using transmission electron micrographs. These distributions are based on

size measurement of 100 particles and shown in Figs. 4.3 (d) and 4.4 (d). Histograms

are seen to peak at 5 and 8 nm.

4.2 Magnetization

4.2.1 Temperature dependence

Figure 4.5 shows zero field cooling (ZFC) and field cooling (FC) susceptibility χ as

a function of temperature T in presence of 250 G external applied magnetic field.

Bifurcation of ZFC and FC curves are clearly visible. A nanoparticle system remains

in superparamagnetic state above this bifurcation temperature.

4.2.2 Field dependence

Figure 4.6 shows M -B loops for 5 and 8 nm NiO particles at 10 and 350 K. At low

temperature, the particle magnetic moments get blocked and so relax slowly. Due to

this, a hysteresis is seen in the M -B loop at 10 K. Above the bifurcation temperature,

the particle magnetic moments flip very fast and there is no hysteresis in the M -B

loop at 350 K. Magnetization M as a function of applied magnetic field B data at 350
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Fig. 4.5: ZFC (solid symbol) and FC (open symbol) susceptibility χ as a function of
temperature T for 5 and 8 nm NiO particles in 250 G applied magnetic field.

K for 5 and 8 nm NiO particles are shown in Fig. 4.7. The magnetization is seen to

increase with increasing strength of applied magnetic field. It is seen to vary almost

linearly at higher magnetic fields. Magnetization of 5 nm sample is higher than that of

8 nm sample because the fraction of spins lying on the surface increases with decreasing

particle size.

4.3 Particle Size Distribution

Néel proposed models for the origin of particle magnetic moment in NiO particles [80].

If a particle consists of N ′ spins then there will be approximately
√
N ′ uncompensated

spins on the surface. NiO has fcc crystal structure with lattice constant 4.176 Å.

Assuming that particles are spherical and moment of each Ni2+ ion is 2 µB [81], the
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Fig. 4.6: M -B loops for 5 and 8 nm NiO particles at two different temperatures.

particle magnetic moment of a particle of diameter D will be given by relation µ(D) =

10.72D
3
2 , where D is particle diameter. Considering a log-normal distribution f(D) in
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Fig. 4.7: Magnetization M as a function of applied magnetic field B curves for 5 and

8 nm NiO particles at 350 K.

particle size, the expression for magnetization is given by

M(B, T ) = N

∫ ∞
0

µ(D)L(x)f(D)dD + χB. (4.2)

This equation is used to fit magnetization as a function of applied magnetic field data

shown in Fig. 4.7 following a non-linear least square fit procedure. The computer codes

are written in Python language. The estimated fit parameters are shown in Table 4.1.

Fitted curves are shown in Fig. 4.8 as solid lines. The fit quality is seen to be

good. The estimated particle size distributions are plotted in Fig. 4.9 using values of

fit parameters estimated from Table 4.1. This figure compares the estimated particle

size distribution with that determined from transmission electron micrograph. The

particle size distribution estimated from two independent methods do not match well.

The particle size distribution estimated by fitting the magnetization data are found to
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Tab. 4.1: Values of fit parameters N , s, n and χ to Eq. (4.2) for NiO samples.

Particle size N (1017 s n χ(10−5

(nm) /g) (nm) emu/g Oe)
5 6.60 0.96 3.45 1.97
8 1.03 0.91 5.41 1.34

be much wider.

In a superparamagnetic system, low field magnetization is governed by particle

with larger moments. Contribution of lower moments becomes important at higher

fields. In other words, shape of magnetization curve strongly depends on particle

size distribution. Anisotropy is another factor affecting the magnetization process.

Magnetic anisotropy has several forms [5]. Uniaxial anisotropy is its simplest form.

Value of magnetic anisotropy is also reported to depend on particle size [57, 84]. The
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Fig. 4.8: Magnetization M as a function of applied magnetic field B curves for 5 and

8 nm NiO particles at temperature 350 K. Solid lines shows fit to Eq. (4.2)
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NiO system has a complicated magnetic anisotropy [113] and so is difficult to consider

in present analysis. In Chapter 3, the magnetization curve has been calculated for
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Fig. 4.9: Histogram showing particle size distribution determined from transmission
electron micrograph for (a) 5 and (b) 8 nm NiO particles. Solid curves show
estimated particle size distribution.
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an uniaxial system considering a narrow as well as wide particle size distribution. It

was found that both wide particle size distribution and magnetic anisotropy lower the

magnetization. Therefore, the particle size distribution in present work is overestimated

due to ignorance of magnetic anisotropy.
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4.4 Conclusion

In this chapter, a detailed magnetic investigation on 5 and 8 nm NiO particles are

discussed. Both samples were found to be superparamagnetic. Magnetization data

in superparamagnetic region were analyzed considering a distribution in particle size.

The estimated particle size distribution was much wider and did not match well with

that determined from transmission electron micrograph. Ignorance of complicated

magnetic anisotropy in NiO system while analyzing magnetization data is the reason

for this contrary observation.
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CONCLUSIONS

This thesis presents the structural, thermal and magnetic analysis of superparamag-

netic Ferritin and NiO nanoparticles. Ferritin is naturally occurring biological system

and purchased directly in the form of suspension. On the other hand, two samples of

NiO with different particles sizes are synthesized successfully in lab from β-NiOH2. The

structural characterization of both samples are done by x-ray diffraction and transmis-

sion electron microscope. The x-ray diffraction pattern of ferritin contains broadened

humps and sharper peaks. The broadened diffraction humps reveal poorly crystalline

nature of ferritin core and sharper peaks belong to NaCl in which ferritin is suspended.

X-ray diffraction patterns of NiO samples show broadened diffraction peaks which con-

firms the nanocrystalline nature of the samples. Average crystallite sizes are calculated

from modified Scherrer formula which are found to be 5 and 8 nm. Transmission elec-

tron micrograph of ferritin shows inorganic dense cores which are almost spherical in

shape. From this micrograph, the histogram is plotted to determine particle size dis-

tribution. The average core sizes are found to be ca. 8 nm. Transmission electron

micrographs of NiO samples show particles are of arbitrary shapes and sizes. The

histograms plotted peaks at 5 and 8 nm, indicate the samples have wide particle size

distribution. The selected area electron diffraction patterns for both ferritin and NiO

nanoparticles show diffractions correspond to x-ray diffraction.

Thermal characterization of ferritin is studied in air using TGA. The DTG curve
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shows major mass losses at different temperatures. The mass loss near 100, 200 and

300 oC are attributed to water loss and denaturation of protein shell. The ferritin

core has started decomposing above 420 oC. In temperature range 790 to 1035 oC,

the mass loss is due to decomposition of NaCl. X-ray diffraction of ferritin heated

at 550 oC contains diffraction lines corresponding to α-Fe2O3, γ-Fe2O3, NaCl and

sodium phosphate. The diffraction pattern of ferritin heated at 1050 oC shows the

presence of α-Fe2O3 and sodium phosphate. Selected area diffraction pattern shows

rings corresponding to x-ray diffraction peaks. Initially, ferritin cores are supposed

to contain major phase ferrihydrite. But, the thermal decomposition of ferritin and

ferrihydrite are not alike. Studies claimed that ferrihydrite decompose directly to α-

Fe2O3 above 440 oC.

Magnetization measurements of both samples are done using vibrating sample mag-

netometer. Field cooled and zero field cooled susceptibility curves for ferritin and NiO

samples are measured in the presence of 250 G applied field. Field cooled suscepti-

bility curves for samples are observed to be monotonically decreasing with increasing

temperature. In case of ferritin, both FC and ZFC curves are seen to bifurcate at 17

K. The peak point in ZFC curve represents the blocking temperature. The bifurcation

temperature is almost near to blocking temperature. It is due to narrow particle size

distribution of ferritin cores in the sample. Zero field cooled susceptibility curves for 5

and 8 nm samples are seen to bifurcate at 300 and 330 K, respectively. The bifurcation

and blocking temperature are far away from each other. It is due to wide particle size

distribution.

The M -B loops of ferritin are recorded at 5 and 300 K. A hysteresis has been ob-

served below bifurcation temperature i.e. at 5 K due to slow relaxation of particles. At

300 K, which is far above bifurcation temperature, no hysteresis is observed because

with increasing temperature particles starts fluctuating randomly and relaxation rate

increases. M -B loops of NiO are measured at 10 and 350 K. At 10 K, M -B loops
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exhibit hysteresis but on the other hand at 350 K no hysteresis is observed. These

observations clearly show that samples are superparamagnetic above bifurcation tem-

perature. Magnetization as a function of applied magnetic field data are measured at

different temperatures for all samples. The magnetization of samples is seen to increase

with increasing strength of applied magnetic field and to decrease with increasing tem-

perature. These curves are used to analyse magnetization of the system. These data

are fitted to appropriate magnetization expressions considering presence and absence of

magnetic anisotropy using a non-linear least square fit procedure. The computer codes

are written in python. A log-normal distribution is considered for particle size. The

estimation of particle size distribution and that determined from transmission electron

micrograph are compared. It is concluded that magnetic anisotropy is more significant

in samples with wide particle size distribution. There is minute effect of magnetic

anisotropy on magnetization of system of nanoparticles having narrow particle size

distribution.

Several types of magnetic anisotropy are found in different magnetic crystals. The

uniaxial anisotropy is the simplest type of magnetic anisotropy. Effect of this anisotropy

on magnetization has been considered for ferritin. The NiO crystal has somewhat

complicated magnetic anisotropy and so its effect on the magnetization process of NiO

nanoparticles could not be considered. There are systems having even more compli-

cated form of magnetic anisotropy. In future, one may study effect of particle size

distribution and such complicated magnetic anisotropy on magnetization of a collec-

tion of nanoparticles.
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Pruinosa, a Halophyte from the Ŕıo Tinto Salt Marshes”, Minerals 8, 505 (2018).

[95] M. Darbandi et al., ”Nanoscale Size Effect on Surface Spin Canting in Iron Oxide
Nanoparticles Synthesized by the Microemulsion Method”, J. Phys. D: Appl.
Phys. 45, 195001 (2012).

[96] T. Swain and G. S. Brahma, ”Synthesis, Characterization, and Thermal Behav-
ior of Ni3(PO4)2·8H2O·Na3PO4·3.5H2O·0.75Na2SO4”, J. Elect. Mater. 47, 2817
(2018).



Bibliography 75

[97] M. Mobin, ”High Temperature Interactions of Metal Oxides and Carbides with
Ionic Salts”, Sci. Eng. Compos. Mater. 8, 257 (1999).

[98] M. Mobin, A. U. Malik and S. Ahmad, ”High Temperature Interactions of Metal
Oxides With NaCl”, J. Less Common Metals 160, 1 (1990).

[99] M. Broström, S. Enestam, R. Backman and K. Mäkelä, ”Condensation in the
KCl - NaCl System”, Fuel Processing Technology 105, 142 (2013).

[100] S. Zhou, Y. Wei, B. Li, H. Wang, B. Ma and C. Wang, ”Mechanism of Sodium
Chloride in Promoting Reduction of High Magnesium Low - Nickel Oxide Ore”,
Sci. Rep. 6:29061,1 (2016).

[101] T. A. Rafter, ”Sodium Peroxide Decomposition of Minerals in Platinum Vessels”,
Analyst 75, 485 (1950).

[102] Y. Goto, ”The Effect of Squeezing on the Phase Transformation and Magnetic
Properties of γ - Fe2O3”, Jpn. J. Appl. Phys. 3, 739 (1964).

[103] P. Ayyub, M. Multani, M. Barma, V. R. Palkar and R. Vijayaraghavan, ”Size
- Induced Structural Phase Transitions and Hyperfine Properties of Microcrys-
talline Fe2O3”, J. Phys. C: Solid State Phys. 21, 2229 (1988).

[104] Y. El Mendili, J. F. Bardeau, N. Randrianantoandro, J. M. Greneche and F.
Grasset, ”Structural Behavior of Laser - Irradiated γ - Fe2O3 Nanocrystals Dis-
persed in Porous Silica Matrix: γ - Fe2O3 to α - Fe2O3 Phase Transition and
Formation of ε - Fe2O3”, Sci. Technol. Adv. Mater. 17, 597 (2016).

[105] G. Gnanaprakash, S. Ayyappan, T. Jayakumar, J. Philip and B. Raj, ”Magnetic
Nanoparticles with Enhanced γ - Fe2O3 to α - Fe2O3 Phase Transition Temper-
ature”, Nanotechnology 17, 5851 (2006).

[106] M. S. Seehra, V. Singh, X. Song, S. Bali and E. M. Eyring, ”Synthesis, Structure
and Magnetic Properties of Non - Crystalline Ferrihydrite Nanoflakes”, J. Phys.
Chem. Solids 71, 1362 (2010).

[107] M. M. Ibrahim, J. Zhao and M. S. Seehra, ”Determination of Particle Size Distri-
bution in an Fe2O3 Based Catalyst Using Magnetometry and X -ray Diffraction”,
J. Mater. Res. 7, 1856 (1992).

[108] F. Reif, Fundamentals of Statistical and Thermal Physics (McGraw Hill, Singa-
pore, 1985), p. 212.

[109] J. Ma and K. Chen, ”Discovery of Superparamagnetism in Sub - Millimeter -
Sized Magnetite Porous Single Crystals”, Phys. Lett. A 380, 3313 (2016).

[110] K. Kurosawa, M. Miura and S. Saito, ”Magnetic Torque Measurements on NiO
(111) Platelets”, J. Phys. C: Solid State Phys. 13,1521 (1980).



76

[111] S. Saito, M. Miura and K. Kurosawa, ”Optical Observations of Antiferromagnetic
S Domains in NiO (111) Platelets”, J. Phys. C: Solid State Phys. 13, 1513 (1980).

[112] K. L. Pisane, S. Singh and M. S. Seehra, ”Unusual Enhancement of Effective
Magnetic Anisotropy with Decreasing Particle Size in Maghemite Nanoparticles”,
Appl. Phys. Lett. 110, 222409 (2017).

[113] C. R. H. Bahl, K. Lefmann, L. T. Kuhn, N. B. Christensen, H. Vázquez and S.
Mørup, ”Spin Dynamics in Weakly and Strongly Interacting NiO Nanoparticles”,
J. Phys.: Condens. Matter 18, 11203 (2006).


	Synopsis
	Acknowledgements
	Publications
	Publications
	List of Figures
	List of Tables
	List of Abbreviations
	List of Notations
	Introduction
	Physics of Magnetic Materials
	Classical Langevin theory

	Nanoparticles
	Properties of Nanoparticles
	Physical properties
	Optical properties
	Chemical properties
	Electronic properties
	Mechanical properties
	Magnetic properties

	Magnetocrystalline Anisotropy
	Superparamagnetism
	Behaviour of superparamagnetic particles
	Applications of magnetic nanoparticles

	Literature Review and Motivation

	Experimental Details
	Sample Preparation
	Experimental Techniques
	X-ray diffractometer
	Thermogravimetric analyzer
	Transmission electron microscope
	Atomic absorption spectrometer
	Vibrating sample magnetometer


	Ferritin Nanoparticles
	Structural Characterization
	Magnetization
	Temperature dependence
	Field dependence

	Particle Size Distribution
	Magnetic Anisotropy
	Conclusion

	Nickel Oxide Nanoparticles
	Structural Characterization
	Magnetization
	Temperature dependence
	Field dependence

	Particle Size Distribution
	Conclusion

	Conclusions
	Bibliography

