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Abstract

The aim of this research work is to analysis the magnetic properties of silica ($1(r) coated
maghemite (y-Fe:0s) nanoparticles synthesized by using sol-gel. X-ray diffraction (XRD)
pattern determined that average crystallite size of nanoparticles was 19 nm, as determined by
using Debye Schemrer’s formula. FCC inverse spinel suucture was also confirmed from the
result of XRD analysis. Scanning electron microscopy (SEM) showed that the nancparticles
are spherical in shape. In zero field cooled/field cooled (ZFC/FC) measurements, the average
blocking temperature (Ts) of nanoparticles was found to be lower than the room temperature
which showed their superparamagnetic nature at room temperature. The saturation
magnetization value of SiQ: coated maghemite nanoparticles was lower than counter bulk
maghemite which is attributed to smaller average crystallite size, large surface spin disorder
and presence of non-magnetic Si0z in nanoparticles. Saturation magnetization {M;) increases
with decreasing temperature due to reduction of thermal fluctuations at low temperatures and
M, also follows the Bloch’s law. The coercivity is increased sharply at low temperatures which
is due 1o comribution of large surface anisotropy. Magnetic relaxation showed slow-spin
dynamics 1n both FC and ZFC protocols which ensured the presence of spin-glass behavior in
them. The most probable reason of spin-glass behavior is the presence of disorder surface spins.
All these measurements showed that amorphous SiOz surface coating plays a significant role

in changing the structural. morphological and magnetic properties of maghemite nanoparticles.
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CHAPTER 1

Introduction

1.1. Nanoscience

The science which deals with the study of manipulation and developments of materals at
macromotecular, molecular and atomic level is known as nanoscience [ 11. It is the combination
of two words nano and science denived from Greeks “Nanos” means “Dwarf”, i.e. one billionth

pant of anything. Word science came from Latin “Scientia” means knowledge [2-3).

1.2. Nanotechnology

A group of technologies which deals with the nano level conirolled matenial struciure
having noteworthy and useful properties {4-5]. It also deals with preparation, designing and
characterization by limiting the material structure, system and devices through holdihg material
size and shape al nanoscale [6]. As we reduce the particle size to nano level surface to volume
ratio of the particle increases greatly, guantum confinement effects involved and discreteness
of energy bands take place [7}. These effecis bring the significant changes in the electrical,
optical and magnetic properties of material as equating to larger level. Importance of materials
have been increased as their size reduces to range of nanometer and they have very useful and
bright propertics in case of 0-D, 1-D, 2-D. 3-D. The usefulness of materials are not same as in
butk size [9]. If the body structure of a material limited to nanomerer level than we will be able
to get the material with new reles and thus increasing the functioning of material. Fig. 1.1

shows the structural image of 0-D, 1-D, 2-D, 3-D nanoparticles.

Clysiers Nanotubaes, fibers and rods Fidsms cnd coads Polyers stals

Fig. 1.1: Zero. one. two. and three dimensional nanoimaterials [9].



1.2.1. Applications of Nanotechnology

Nanotechnology has wide range of applications in almost all science fields such as
Physics, Engineering, Medicine, Chemistry, etc. In nanocrystals variety of propesties are
increased such as toughness, hardness, ductility, magnetic and electrical properties [10]. Due
to the useful working of a nanomaterial they are used in the field of storage device, energy,
electronics, solar cell, electrochemistry, environmental, optical, magnetism, fuel cell, nano

catalyst, high energy and batteries.

1.2.2. Historical Perspective of Nanotechnology

In ancient imes, this technology was used in the field of medicine and pottery. During
250% BC Chinese and Indian used gold nanopurticles as a drug f11]. In middle Ages, gold was
used to make the glasses of churches of different colors and hues and during 16" century in
Europe it was thought that colleidal gold tn aqueous form can cure many diseases [123. In 1915,
Wolfgang Ostwald wrote a famous book “The World of Neglected Dimensions™ in which he
accepted the colloidal particles as matter unique state, These particles are so small that they
can no longer be recognized microscopically, while they are still too large to be called
melccules, The term “nanotechnology™ was used first time by Norso Taniguchi (1912-1999) in
1974 in a technology of production paper [13-14]. The growth of nanotechnology stanted when
Professor Richard Feynman at the yearly meeting of American Physical Society at Caltech in
1959, highlighted the worth of it by saying that “There is a pleniy of room at the bottom™ [15-
16] and due to this foresight and visionary thinking Feynman is often referred as father of
nanotechnology [173. Later on Enic Drexler wrote a book “Engines of Creation: The Coming
Era of Nanotechnology™ in which he explain in detail nanotechnology potenuals. its concepts

and even dangers too. This book brought Feynman’s vision (o a broader audience [18].

1.3. Nanoparticles

According to Bntish Standards nenoparticles are defined as “Nanopanicles are the
particles with one or more dimensions at the nanoscale™ and suggested the nanoscale 1s in the
range of 1-100 nm or less {19]. A nanoparticle is an object that acts in term of functioning and
transport as 4 whole upit. It has difterent forms like, colloids. nanocrystals and clusiers. As
compared (o bulk the nanopanicle have very assuring properties such as optical, mechanical.
electrical und magnetic as the size going o decreases under 20 nm. Ferromagnetism of a

pasticle changes 1owards superparamagnetism because of high surface to volume ratio which

raised the surtace energy [20-21].



Mainly two approaches {lop-down and bottom-up approaches) are used for the synthesis of
naneparticles. In top-down approach breaking of bulk material into nano size material takes
place that involves different techniques like high energy milling and sputtering techniques, etc.
The bottom-up approach deals with atom by atom, cluster by cluster to manufacture bulk size

material that involves sol-gel method, solution combustion method, etc. as shown in Fig. 1.2,

-
Top-
Down
I Lmovonny
[
|t
||
l I @ Paltetning
Self-
assembfly

Matecular recogmition
feiecirostabic, hydiophobic,
M omatk interactions, £1C})

Eelatvely simple
buitding blochs

Fig. 1.2; Schematic variety of nanostructure synthesis and assembly approaches [22].

1.4. Concepts of Magnetism

Magnetism concerns to the physical process which arises due to force among the magnets.
These objects develop a ficld that pull or repel other objecis {23]. Firstly, 2500 years ago this
phenomenon was observed in the iron mineral magnetized pieces in the old c¢ity of magnesia

(Mantissa in western Turkey is its new name).

Magnetization is a process that makes a substance permanenily or temporarily magnetic and is

symbolized by “M™ |24].

The magnetic flux density is written as,
B =puH (1.1

In which “H™ is applied magnetic field. “p™ is permeability of the solid material and “B” is

magnetic flux density.

B= pobty (1.2)



In eq. (1.2} “p/"is the Relative permeability of the medium and “po” is the Permeability for
free space having value 41 x107 H-m™'.

After putting the value of Eq. (1.2} in Eq. {1.1), we acquire
B = popr H (1.3)
By adding pgH on both sides of eq. ¢1.3) and after simplification, we acquire,
B+poH = popt-H + o
B = poH + poity H ~ u,H
B =pH + pH (u, — 1}
B =y H + y,M (1.4)

In above eq. (1.4). magnetization (M) is equal to H (.-1).

As we know

Xm=“r_1

Here "y is magnetic susceptibility and it is dimensionless quantity. So magnetization can be

written as
M=xy,H (1.3

Eq. (1.5) expresses clearly that magnetization is propontional to the magnetic field intensity.
When current flows in a loop then magnetic field “H” is produced at its center as shown in Fig.
1.3.

o

Fig. 1.3: Magnctic lield geperated by currem loop [26].




Magnetic field is evaluated in Qersted (Oe¢) or A-m™ [25]). When we employ magnetic field in
vacuum then magnetic flux density is related 1o field intensity as B=poH. In the case of

magnetic solid “B” and "H” are related as.
B = p,(H + M) (1.6)
As we know M7 is proportional to “H™ for a linear medium.
So.
M= y.H (1.7}
By putting the value of eq. {1.7) into eq. (1.6) than we acquire the ¢g. as given below,
B= po(1+ ) H (1.8)
As we know L= 1+yms0 eq. (1.8) become as.

B = poit, (1.9}

The above eq. (1.9) clearly shows the linear relationship b/w applied magnetic field and

magnete induction.

1.4.1, Magnetic Dipoles
Naturally existing magnetic materials are dipolar. According to Maxwell relation, i.e.

JivB = {, in nature no monopole exists. Magnetic and electric dipoles are similar 10 each other
[27]. As shown in Fig. 1.4.
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Fig. 1.4: Poles of a magnet [28]).



1.4.2. Sources of Magpetic Moment
Magnetc dipole moment is essential for magnetism in a material and are originates due

to electron’s spin and orbital motion in an atlom as shown in Fig. 1.5.

Magnetic Magnetic
moment moment

A A

i
/Eleclron |

/ﬁ) Electron
tormic !

NHCITUS |

fa) (b}

Fig. 1.5 («) Orbial magnetc momem and (b) spin magnetic moment [29].

Because of these orbital and spin magnetic moments electron is thought as little magnet. The
size of magnetic moment is showed by a unit known as Bohr magnetron and represented by
the symbo] “pp". The value of a Bohr magnetron {pp) is 9.27 x10"% A-m’. According to this
term spin magnetic moment of all electrons influenced by an atom is £ ug. Here "+~ shows
spin up and *-" shows spin down. In term of Bohr magnetron orbital magnetic moment 1s

“mips”. Here “mi’” 15 the magnetic quantum number,

1.5. Magnetic Materials

Those materials which give response when they are placed in an external magnetic field
are known as magpetic materials. Due to the orientation of the magnetic dipole moment

materials are classified into five major types as writien below,

¢ Diamagnetism.

¢ Para magnetism,

*  Ferromagnetism.

¢ Antiferromagnctism,

¢  Fernmagnetsm.

1.5.1. Diamagnetism
Materials having paired electrons are known as diamagnelic materials and net

magnetlization of these materials is zero e.g. neon, nitrogen, hydrogen. helium, lead, copper,



etc. [30). Fig. 1.6 shows the diamagnetic material response (a) without fields and (b) with

applying ficlds.
£ 0511
S T T T A
| J I T T U |
S T I
HY L
Nomal Applied Magnetic Field Magaetic Field Removed

Diamagnetic Materials

Fig. 1.6: Diamagnetic materials (a) when no field is applied (b) when field is applied {31).

Diamagnetic materals have negative susceptibility due to opposing of induced magnetic

moment o external field and it is independent of temperatwre as shown in Fig. 1.7,

k\: £l

i‘ i

+ ! +
C MeH .

0 : > 0 E >
 slapesy 1= constant
R T T EE

{a) ib)

Fig. 1.7: 12) Behavior of magnelic susceplibility of diamagnetism wilh applied magnetic field (b) with

temperature [32].

1.5.2, Paramagnetism

In these matenals partially filled orbital’s show paramagnetic properties and due to
unpaired electrons magnetization develops in these materials. They show magnetization when
external field is applied because magnetic moments are adjusted in an applied field direction
and finally net magnetic moment is in the field direction [33] But they show zero magnetization
when field is removed due to magnetic moment’s random alignment. Fig. 1.8 represents

magnetic response of paramagnetic materials with and without external applied field.
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Fig. 3.8: Paramagaetic materials with (2) no magaetic field {by with applied magnetiv field [34]

Liquid oxygen, chromivm, strontium. platinum are the examples of paramagnetic matenals.

Curie law fits on paramagnetic material. According to law magnetization and temperature are

inversely proportional to each other [35-36].

Mathematicatly it can be written as,

M=C.B/T (1.10)
In above equation C is constant.

In paramagnetic material external applied field works independently on each atomic dipole

that’s why they do not give long-range order and show small positive magnetic susceptibility
(x=0) [37).

1.5.3, Ferromagnetism

Ferromagnetism is a characteristic of a material which originates in the absence of
external applied magnetic field due to spontaneous magnetization [38). When external field is
removed alignment remains due (o the exchange interaction [39]. When the matenial is large
there is set of domains in it which are separated by a wall known as domain wall of thickness
nearly 100 atoms [40]. In ferromagnetic material each domain has unpaired electrons whose
spins are parallel 1o each other. In the absence of external field net magnetization of matenal
15 zeto due to the random alignment of domains. When the external field is applied domain's
magnetic dipoles aligned themselves in the field direction and give maximum magnetization.
Examples of terromagnetic matenal are iron. nickel. cobalt, eic. Fig. 1.9 shows the magnetic

response of a ferromagnetic material with and without applied external field.



e
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(a) Unmagnetized domains (b Magnetized domains

Fig. 1.9: Ferromagnetic (3) magnetic domains without field and (b) domains with applied magneiic field [41].
1.5.3.1. Curie Temperature

In 1895. Pierre Curie state the Law that relates magnetic properties to change in
temperature which is called Curie point and temperature at that point is known as Curie
temperature. Al that temperature the saturation magnetization of ferromagretic material

disappears due 10 thermal energy and the material shows paramagnetic behavior [42).

Mathematically it can be writien as:
¥=CHT =T (1.11)

In above eq. (1.11} Te = Curie temperature, T = temperature, C = Curie constant and x shows
magnetic susceptibility, Below Curie 1emperature, a strong interaction exist b/w the parallel
alignment of magnetic moments of domains but when we apply thermal energy at Curie
temperature which minimizes the coupling energy that’s why ferromagnetic material behaves

as paramagnetic material [43} as shown in Fig. 1.10.
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Fig. 1.30: Effect of temperalure upon magnetic malerials [44].

1.5.3.2. Hysteresis

Hysteresis is the property of ferromagnetic materials that maintains the applied

magnetic field memory and this phenomenon is shown in Fig. 1.11.

/

He

K spplied Field (O¢)

/

Applied Field

Fig. 1.1h; Hysteresis loop |45].

Terms which are related to hysteresis are described below,
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1.5.3.3. Saturation Magnetization

It & the point ar which maximum magnetization is achieved by the applying a large
magnetic field as a resplt maximum spins alignment 1akes place and beyond this point no more

alignment of spins can occur [46]. I is symbolized by "M,” as shown in Fig. 1.11.
1.5.3.4. Remanent Magnetization

When the applied magnetic field is removed then the magnetic spins alignment stops
and value of net magnetization decreases. At zero field. y.e. H = () matenal show some degree
of magnetization. This magnetization is known as remanent magnetization which is symbolized

by “M,” [46] as shown in Fig. 1.11.
1.5.3.5. Coercivity

Coercivity is the intensity of magnetic field to reverse magnetization of permanent
magnets, Matenials having high coercive force need high magnetic field to magnpetize or
demagnetize. The value of applied magnetic Field which is required to reduce magnetization o
zeTo s called Coercivity which is symbolized by “H.™ [46] as shown in Fig. 1.1}, Coercivity
varies with material grain structure and composition. and conld be wne by cold working and

annealing.
1.5.4. Antiferromagnetism

Antiferromagnetism s the charactenstic of 2 malerial which onginates due to the ant-
parallel alignment of magnetic moments b/w neighboring atoms in the absence of external
magnetic field, Due to the opposite spinning of ¢lectron anu-ferromagnetic materials docs not
give magnetization. Crystal which gives this type of response has two types of sub lattices and
which are the main cause for this type of response. Both lattices give the spontancous

magnetization in oppaosiie divection to one another [47] as shown in Fig. 1.12.

11
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Fig. 1.12: Antiferromagneiism due o opposite sub |attices spins [48].

1.5.4.1. Neel Temperature

Neel temperature is the temperature for antiferromagnetic material below which there
is a spontaneous anti parallel coupling of atomic magnets. It is also known as magnetic ordering

temperature and symbolized by “Tx". But above this temperature magnetic ordering goes on

reducing.
Mathematically their relation can be expressed as:
x=C/H(T-8) (1.12)

In above eq. (1.12), T= 1emperature. & =Tx = Neel temperature, ¥ = magnetic susceptibility
and “C” is Curie constant. Ahove the Ty, antiferromagnetic material behave as paramagnenc
matertal because the thermal energy is enough to randomly fluctuate the oppositely aligned

atomic momenis and leads to varishes the tong-range order [49] as shown in Fig. 1,13,
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Fig. 1.13: Effect of iemperature upon magnelic matenials [50].

1.5.5. Ferrimagnetism

Ferrimagnetism is the characteristic of the malerial in the absence of external applied
field in which the magnetic moments of two sub lattices arranged anti-parallel to each other
and the magnitede of magnetic momenis are not equal. Due to the partial cancellation, material

shows a net magnetization as expressed i Fig. 1.14.

Fig. 1.14: Ferrimagnetic behavior with unequal and opposite magnetic momenis |51},

Ferrimagnetic material produced all types of hysteresis loop related terms as ferromagnetic

materiat but the difference bfw them is they have different magnetic ordering.

1.6. Magnetic Anisotropy
The dependence of materia]l magnetic properties on a preferred direction s called

magnetic anisotropy. The energy related with the spins alignment mathematically wriiten as,

13



E, = KVsin® 6 (1.13)

In eq. {1.13), K= magnetic anisotropy, V= volume of particle, Ea = energy barrier and @ is the
angle between the easy axis and magnetic moment. In which easy axis is the direction along
which small applied field is enough to atiain the dipoles towal magnetization of given material
152]. Magnetic anisotropy contrals the remanence. coercivity and strongly affects the hysteresis

loops shape |53].

1.6.1, Magneto Crystalline Anisotropy
Magneto crystalline anisouopy depends on crystal structure and independent of shape
and grain size. it is the energy needs to deflect the magnetic moment from easy to hard direction

in a single crystal. These directions. i.¢. easy and hard originate from spin-orbit coupling [54).

1.6.2. Stress Anisotropy

In addition fo magneto crystalline anisotropy, another effect known as magnetostriction
is due to the spin-orbit coupling. In 1842, Joule observed magnetostriction. When a sample is
magnetized in a preferred direction he observed strain in this preferred direction, This strain is

related to the stress on that specimen. Anisotropy ¢nergy depends upon that stress state of

spectmen.

1.6.3. Surface Anisotropy
The surface atoms have lower symmetry comparing 1o the atoms in particle and effect
of surface atoms on energy of particle depends upon magnetization orientation. This develops

the surface anisotropy. As the particle size reduces its contribution to magnetic anisolropy
INcreases.
1.7. Single Domain Particles

Single domain particles are defined as “*A particle in which the every spin is of at the
sume direction therefore the toltal magnetic momemt is the sum of all the spins™. In
{erromagnetic material the size of domains is larger so the particle with uniform magnetizmion

ut any lield 1s single domain panicle.

Their magnetic moment can be wntten as,

ms = MsV {1.14)

Here M, = saturation magnetization. V = particle volume.
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Coercivity depends upon the size of domain as shown in Fig. 1.15.

Singlc-domain — e a—— Mullidomain —e——e

H,
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Fig. 1.15: Coercivity as a function of particle sized (D, is the superparamagnetic size and Dy, is the single

domain panicle size) [533].

1.8. Superparamagnetism

The magnetic anisotropy is generally proportional to the volume of the panicle which
holds particle magnetized in a preferred direction [56]. As panticle size reduces under the 10
nm then energy related 1o the uniaxial anisotropy (K) decreases as much that thermal energy is
enough to overcome any preferred onientation of particle momeni. A single domain paricle
that aitains magneiization equilibrium in shom time proporiional to the measurement time at

experimental iemperature is referred (0 as super paramagnetic as shown in Fig. 1.16.

o © SR
T e @ %06

n b ¢

Fig. 1.16: Domain sireciures observed in magnetic particles: a) superparamagnetic; by single domain particle; ¢)

mulu-domain particle [57).
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1.8.1. Magnetic Relaxations Observed in Superparamagnetic Particles
When external field is applied then particles magnetic moments are align in field
direction through particle rotation and moment. When external magnetic field is removed the

frequency of thermally activated is given by the equation as,
f = foe B/XT (1.15)

Here o= attempt frequency which is 10°s”'. Here frequency is the rate at which particles gets
thermal equilibrium [58]. Energy barrier for the relaxation time of nearly 100 s to attain thermal

equilibrations 1s,
AE .y = in{tfo) KT = 25KT (1.16)

Where AE = KV. The conditions for superparamagnetism are observed and for a partcle

mathematically defined as ,
KV =25kT (1.17)

In which kT = thermal energy. V = volume of particle and K is the anisotropy energy constant
[59]. Particles with size lasger than crilicat size and relaxation time more than 100 s are named

as bltocked [60].

1.8.2. Blocking Temperature

The blocking temperature (Tg) of a matenal is the temperature above which particle
show superparamagnetic behavior because KV < 25 kTg and below this temperature panicle
amisotropy blocks the freely movement of moment and condition at blocked state is KV > 25

kTg [61]. Mathematically it can be written ag,

KV

5 =3ep (1.18)

1.9, Ferrites

These are chemical compounds which are formed by the reaction of iron oxide into a
magnetic material. Ferrites are britile and hard. They belong to the family of ferrimagnetism.
The general chemical formula for ferrites is KFe204. Where K is represents the divalent
elements [62]. This includes Mn, Co. Fe. Zn and Ni. Iron is too considered in ferrites. Ferrites
are classified into two types on the behalf of their magnetic properties as given below,

*  Sofi ferrites.
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e  Hard ferrites.

1.9.1. Soft Ferrites

_ Soft fernites are normally ferromagnetic materials and having cubic crystal structure.
These materials have small hysteresis loops and Jow coercivity. The direction of magnetization
of soft materials can easily be changed by applying small amount of field. The chemical
tormula for soft ferrites is MOFe20), in which M denotes transition metal such as zine, nickel
and iron. In soft materials domain wall motion takes place easily through proper annealing due

to small number of impurities and dislocations [63].

1.9.2. Hard Ferrites

Naturally hard ferrites are permanent magnets. These are oxides of strontium. iren and
barium. Hard territes have larger coercivity values and high remanence when field is applied.
When these materials are magnetically sawrated they have high magnetic permeability.
Therefore hard ferntes have high power to store magnetic fields for several applications such

as loud speaker, telephone, generators and motors.

1.10. Spinel Ferrites

Spinel ferrites have cubic crystal structure with general formulation A%B;*04% in
which the oxide anions arranged in a cubic close packed Jattice and the tetrahedral and
octahedral sites in lattice are occupied by cations A and B. In general formula A and B represent
the divalent, trivalent metal ions, including magnesium, zinc, iron, manganese, aluminum,
chromium, titanium and silicon. There are 32 octahedral and 64 tetrahedral lattice sites are

present in unit cell of spinel ferrite. The crystal structuse of spinel ferrite in shown in Fig. 1.17.

Oxvgen
R : #B._ztons:
cttzhedral sits

A-atems
tztrzhzdral stt=

Fig. 1.17: Crystul structure of AB:0; spine lermite [64],
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1.10.1, Types of Spinel Ferrites
Spine] ferries are classified into three different types on the basis of their octahedral

and tetrahedral lattice sites positions as given below

¢ Normal spinei fernites.
¢ Inverse spinel ferrites,

e Mixed spinel fernites.

Ths thesis is focus on the normal spine] ferrites because main purpose of my research work
i~ the study of the magnetic properstics of iron oxide phase that is maghemite. It is an example

of normal spine! ferrite.

1.10.1.1. Normal Spinel Ferrites

Normal spinel structures are consist of two different types of latuces known as
letrahedral the site A and oclahedral site B. Formula of normal spinel ferrite is (M) [Fe2]"Ox,
where metallic jons lying at tetrahedral site {A) are represent by M and Fe represent the iron
wons lying at octahedral site (B). In normal spinel ferrites, there are 16 octahedral and 8

tetrahedral sites are occupied by metallic 1ons.

1.10.1.2. Inverse Spinel Ferrites

In inverse spinci structure the tetrahedral site are completely filled by Fe® ions,
whereas at octahedral site both M**and Fe** jons are randomly present. Chemical formula of
inverse spinel fermte is (Fez)™ {Fe.M]™ Q.. Spinel fermites are ferrimagnetic in nature. An
example of spinel ferrite is Fex0q in which divalent cation Fe is present at octahedral (B) site.

The inverse spinel structure of maghemite is shown in Fig. {18,

loverse '.;N'nvl structure

Fe*™ A Nirte el B Sire O

Fig. 1.E8: Inverse spinel structure of maghemite 165].
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The main pumpose of this thesis is the study of the magnetic propenties of maghemite (lron

Oxide phase). It is inverse spinel femrite.

1.11. Iron Oxide Nanoparticles

Nanoparticles of iron oxide with diameter range between 1-100 nm are known as iron
oxide nanoparticles [66]. They are regarded as ferrite and have noteworthy applications in wide
variety of fields. Iron oxide nanoparticles gain interest not only because of its fundamental
preperties bul also due to their super paramagnetic, low Curie temperature, high force, high
magnetic susceptibility etc. [67-68). Due to presence of Fe (IMIII) ions in iron oxide
nanopaiticles they have biological compatibility and non-toxicity [69-70]. Iron atoms has
strong magnetic moment because of having 4 unpaired electrons in 3d shell, while Fe?* has 5
unpaired electrons and Fe?* has 4 unpaired electrons in 3d shell. Hence when crystals are made
up [rom these Fe** and Fe?* ions or iron atoms they can be in ferrimagnetic, antiferromagnetic
or ferromagnetic state [70)]. Iron oxides exist in variety of structures. It shares its crystal
structure with various minerals such as Ni, Co or Cu. In the structure of iron oxide nanoparticles
hydroxides ions or oxygen plays a prominent role. Iron oxide is chemical compound which is

constructed by oxygen and iron and occur in a wide vanety of settings which are given below.

Hydroxides Phase

¢ Iron iFe*?) hydroxides {Fe(OH),}
o Iron (Fe*?), Benalite {Fe(OH)s)

Oxides Phase

¢ Epsilon phase (e-FeaOs)

®*  (Gamma phase (y-Fe20:), Maghemite

* Beta phase (Jj- Fex()

e Alpha phase (a-Fe:0:), Hematite

¢ lron (Fe**} oxides {Fe203)

e Iron ( Fe*?, Fe*%) oxides, ( FeaOa4). Magnetite

e Iron {Fe*?) oxide. (FeQ), Wustite

Oxides/ Hydroxides Phase

e Ferribydrite phase (5Fe203.9H:0)
¢ Feroxyhyte phase (8- FeQOH)
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® [ epidocrocite phase (y-FeOOH)
» Akaganeite phase (B -FeQOH)
» Goelhite phase (a- FeQOH)

1.12. Maghemite Nanoparticles
Maghemite has extra ordinary optical. electrical, and magnetic properties and its main
advantage is its chemical stability [71-72]. Maghemite is superparamagnetic at room

temperature when the particle size is less than 10 nm [73).
1.12.1. Crystal Structure and Properties

Maghemite is a typical inverse spinal ferrite has same crystal siructure as magretite
with Fe (1) - deficiency. The formula unit of maghemutie is {Fex**1alFean'? AxalpO32, where A
symbolizes vacancy and A and B represent tetrahedral and octahedral Jattice sites [74}.
Maghemite has a cubic crystal structure and its value of “a” 1s 0.833 nm. Fe**cations which are
arbitrarily distributed in 16 octahedral and 8 tetrahedral interstitial sites in the FCC packing of
oxygen anions and vacancies A are located in the octahedral sites [75). Maghemite crystal

structure is shown in Fig. 1,19,

Fig. 1.19: Maghemue crysual siructure {76].

Maghemiie displays ferrimagnetism and has reddish brown colour, Its density {g/em?) is 4.87.
The magnetic suscepibility (emu/g) 1s 76 - 81 and Curie emperature {K) is 820 — 986 [77-78].
Magnetic properties are generally divided into imrinsic and exuwinsic properties. Interinsic

properties such as magnetocrystalline anisotropy (K) and sawration magnetization (M.}
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depends on materials and exwinsic properies such as remanence (M) and coercivity (He) rely

on the method the material is fabricated [79).

1.12.2. Uses of Maghemite Nanoparticles

Maghemite has a very wide range of nseful and interesting applications. In the medical
fietd 1t is used in cell separation. DNA analysis. active and passive targeting, and in preparation
of biocompatible magnetic fluids (80]. In magnetic resonance imaging (MRI) maghemite is
used as magnetic contrast agent and also used in diagnosis and drug delivery [81]. In the
technological field it is used as optical power limiting agent, magnetic recording media,

magnetic refrigeration, and magnetic sensors. It is used in preparation of ferro-fluids [32].

1.13. Role of Silica Coating/Matrix

1n the synthesis of nanoparticles the agglomeration is a big obstacle. In order to reduce
panticles agglomeration magnetic materials are coated with non-magnetic material such as
Al203 or Si0:. We prefer Si0: as controlling agent over other non-magnetic matenal because
it s highly biocompatible, thermally stable and non-toxic in nawre [83). In order to improve
the magnetic properties silica has given preference because it improves stability of dispersions
of nanoparticles during synthesizing process and also modifies the surface. Silica is used o
vontrel inler-particle interaction within the solution through shell thickness [84-85]. In this
process silica restricts the growth of maghemite nanoparticle o reduce agglomeration, The
surface coating of magnetic nanopanticles can influence size, magnetization reversal, blocking

temperature. and magnetic relaxation of the nanoparticles.
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CHAPTER 2

Literature Review and Synthesis Techniques

2.1. Literature Review

Milivojevic er al. [86]) examined the magnetic and structural properties of ultra-small
magnetic nanoparticles consists of organic ester shell and inorganic iron oxide core dispersed
in organic fluid by using polvol route for synthesizing. With the help of XRD they studied that
nanoparticles are crystalline and clearly separated. They also studied that at low temperature
ihe particle shows their superparamagnetic behavior and magnetic properties are dependent on
the nanoparticles size. The peaks of AC susceptibility and ZFC/FC are at blocking temperature

Te < 12 K. They noted that nanoparticies surface has an important effect on their behaviors.

Nadeem et al. [87] investigated the effects of coating and its concentration percentage on the
magnetic, dielectric. structural properties and size of maghemite nanoparticles. They used sol-
eel method for the synthesis of bare and different weightage silica coated maghemite
nanoparticles. They examined the cubic inverse spinel structure of the samples with x = 0, 15
and 30%. and those with higher concentration give amorphous behavior through XRD analysis.
They confirmed the formation of phases of maghemite and SiQ> by Fourner transform
spectroscopy. They swdied that as SiC= concentration increases average crystatlite size go on

decreasing and due 10 increase in coercivity saturation magnetization drastically decreases.

Seraj er al. [88] utilized the ex situ (post-synthesis) method for the fabrication of gamma-
Fe-Osfpolyrhodanine corefshell nanoparnticles with crystallite size of 8 and 1.5 nm is the layer
thickness. They used XRD, TEM. FTIR spectroscopy and VSM for the investigation of size,
morphology, chemical structure and magnetic properties. Moreover through VSM analysis
they noticed that fabricited core/shell nanoparticles give superparamagnetic behavior. They
also studied that with the variation in amount of polyrhodanine magnetization of nanoparticles

decreases very slightly.

Carvalho et af. |89] investigated that magnetic properties and compaosition of nanoparticles
are assumed to depend on their size. They used vwo different method reduction-precipitation
method v open envivonment and precipitation method in particular environment as a resubt
they attained mean diameter of 7 to 20 nm. For the analysis of Sample they used SQUID-

magnetometry. XRD and TEM for magnetic, structural and morphological properties,
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respectively. They studied that iron oxide nanoparticle’s composition and their magnetic

behavior directly linked with their size.

Deraz et ai. [90] synthesized the iron oxide nanoparticles by using combustion method with
different fuel ratio and investigated that morphological, crystaliite size, crystaliine phases and
magnetic properties can be handled by the amounts ratio of fuel and metal nitrate while
preparing. By XRD analysis they studied the transformation of phases in Fe203 nanoparticles
at different ghycine concemtration. Through vibrating sample magnetometer analysis the
magnctic properties shows that the increasing trend of MM, ratio, Hi, M, and M, totally

depends on phase transformation and/or crystallinity improvement of the swdied oxides.

Nadeem er al. [91] studied the preparation of single-phase spinel NiFe20s4 and magnetic
properiies and influence of several chemical phases on magnetic acuivity. They used sol-gel
method for the synthesis of NiFe¢204/S10: nanoparticles and as a result gets the particle size in
the range of 16-27 nm. Generally the sol-gel method prepares the muoli-phase nanoparticles
but here they used sol-gel method for single phase nanoparticles. After annealing the sample
from 300-900 “C and by using different analysis techniques (XRD, FTIR, and SQUID
magnetometry) they studied that how various chemical phases are transformed 1o single phase
spinal structure. They investigated that under 900°C the chemical phases formed was NiFe.
NiQ, y-Fe203, a-FexOh, and NiFe04, respectively. They also studied that the opposite trend of
{coercivity vs. annealing temperature} and (saiuration magnetic moment vs annealing
temperature) clearly distinguishes the different phases of metallic, antiferromagnetic, and

single-phase spinel NiFeaO..

Tuutijiarvi er af. [92] investigated that y-Fea03 nanopanicles are special adsorbent because of
gaod adsorption capacity and magnetic properties which is used for the removal of As(V) from
water. They Synthesized maghemite nanoparticles with sol-gel process and mechanochemical
method. They prepared commerctally available maghemite nanoparticles with size variation
from 3.8 10 8.4 nm and noted that all these particles are productive 1o remove As(V} from
water. They assumed that adsorption capacity depends vpon the pH effect and nanoparticles
particular surface area. They characterized the maghemite nanoparticles by XPS, XRD, VSM.
TEM. Zeta and BET potential analyzers and the characterization showed that all y-FexOs

nanoparticles had erystalline phase having cubic struciure.
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Dxrbohlavova e al. [93] looked into the preparation and magnetic properties of iron oxides and
gadolinium nanopatticles. They used water in oil micro emulsion and co-precipitation method
for the synthesis of gadolinium and iron oxide nanoparticles. Through XRD they studied Fe
based nanoparticles give crystalline phase and Gd based nanoparticles. They studied the
different hysteresis loops and coercivities of the sample. They noliced that difference of

saturation magnetization is due 10 the chemical and phase composition of nanoparticles.

Zhao et al. [94] investigated the production and magnetic properties of cobalt ferrite (CoFe204)
(80 wt. %) nanoparticles which dispersed in SiO; matrix. They synthesize the CoFe20s
nanoparticles by sol-gel method and annealed at $00-1000 °C temperature. When the particle
mize was 30 nim they exaimined maximun coercivity value for both uncoated and silica-coated
CoFe2Qq4 nanoparticles and this was due to single domain coherent rotation, They mmvestigated
that silica restnicts the development of CoFe 204 nanopanticles and the coercivity of silica coated
cobak ferrite nanoparticles increased while saturation magnetization were reduced. They also
studied that due to multi domain behavior the coercivity of larger size nanoparticles while for

smaller size nanoparticles reduction in coercivity was due to the superparamagnetism.

Zhang er al. [95] investigated the preparation and magnetic properties of silica coated cobalt
ferrite nano composites. They used sol-gel method for the synthesis of CoFex04/ 5102, Through
analysis of sample they studied thai dry gel must be annealed at more than 400 °C 1o attain
single phase CoFe204/ 5i02 nanopanticles. They noticed that size of coball ferrite nanoparticles
can be controtled by annealing temperature and by increasing the coball ferrite concentration

in silica the value of saturation magnetization increases accordingly.

Fiorani of ul. [96) investigated that the surface effects and inter-particle interactions plays a
prominent role in the dynamic and stalic propenties of y-Fez0s nanoparticles with average
diameter (D) = 2.7, 4.6 and 8.7 am in powder form. They studied the AC susceptibility and
magnetization at vanable frequency (3<v<i04 Hz) and wilized Mossbaver spectroscopy o
measure the dynamic and static magnetic properties of powders. They swudied that surface

effects have an important role in determining the final magnetic staie of nanopanticle.

2.2. Synthesis of Ferrite Nanoparticles

There are various experimenial techmques for the preparation of nanopanicles to control
their shape and size. Each experimental technique has its own advantages and disadvantages

and hmatations depending on symhesis conditions. For the synthesis of iron- femrite
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nanoparticles there are two main experimental techniques and lots of sub experimental

techniques which are given below,

2.2.1. Chemical Methods

] Chemical iechniques.
. Chemical vapor deposition.
. Vapor phase synthesis.

Hydrothermal synthesis.

. Sonochemical technigues.

Micro emulsion techniques.

. Wet chemical process.

. Sol-gel process.

. Co-precipitation method.
2.2.2, Physical Methods
L Laser ablation.
. Inert gas condensation.

] Spray route pyrolysis.

. Sputtering.

2.3. Synthesis of Maghemite Nanoparticles

1 utilized sol-gel method for the synthesis of maghemite nanopanicles are described

below.

2.3.1. Sol-gel Method

Sol-gel process is a very advantageous experimental technique for the preparation of y-
Fex0s nanoparticle. With the assistance of this technique one can synthesize nanomaternials
from astoms/molecules. Products which are prepare by this method give high quality of
crystalliniiy, narrow shapes distributions and are controtled [97]. For the preparation of y-Fex0Os

nanoparticles following chemicals are used in proper ratic.

- Iron nitrate (Fe(NQC1)3.9H20).
. Ethano) (C:H,0).

- Distilled water {HaO).

. Citnc acid (CaHxO7 H-0).
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. Tetraethylorthostiicate (TEOS),
. Ammonia.

1 staned my process by the measurement of materials weight by using electronic weight
balance. After this T put 10 g of Iron nitrate (Fe (NO3)3.9H,0) and 20 ml of ethanol into a
beaker and place this beaker on the magnetic stirrer for stirring to get homogeneous mixture
than take second beaker and put 5,20 g of citric acid (CeHy07. Hz0) and 20 ml of distilled water
and place this beaker on second some other magnetic stirer for stirring function. That

procedure is shown in Fig. 2.1

Santhesis of 5102 coated ¢v- Fe2O3
nanoparticles
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Fig, 2.1: Flow chan ot synthesis process of 5i{) coaled y-Fe:Ch nannpariickes.

Afier some time when | noticed homogeneous mixture is formed in both beakers. than I put the
mixiure of one beaker into the mixture of another beaker and place it on magnetic stirrer for

stirring function 1 get regular and homogenous mixture. According to my requirement o get
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the stlica coated y-Fe203 nanoparticle of 60 % weightage. I added 6.44 ml amount of TEOS
{used as 4 precursor for Si07) and 2.088 mi amount of water into the mixtore and left them for
stirfing for a while to attain the necessitated pH. 1 added ammonia drop by drop to get pH equal
to 5 after obtaining this 1 put the heating button of magnetic stitrer for heating the mixtore to
gel gel form. After a regular interval of time 1 checked the temperature which must be in its
maximum limit of sample which is close to 80 °C. After a frame of time formation of gel started
and we gel mixture in ge} form after some time. 1 stopped the process and place the beaker of
velat 100 °C Tor 12 h in microwave oven 10 evaporate water. After complete interval of time |
took out the sample from microwave oven and is grinded by using mortar and pestle. When ]
eer sample in fully powder like form than | annealed my sampie in furnace for 4 h at 400 °C 1o
eet required phase. After the completion of time 1 take out the sample from furnace and grinded

again than saved the sample in sample botle.
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CHAPTER 3

Characterization Techniques

We applied differemt characterization technigues for examining the samples like X-ray
diffraction (XRD), scanning electron microscopy (SEM), Fourier transform infrared (FTIR),
and superconducting quantum interference device (SQUID) magnelometer. Detailed working

principles of all these techniques are described below.

3.1. X-ray Diffraction

Firstly in 1895, German physicist Roentgen discovered the x-rays. Due to its unknown
nature he named them x-rays [98]. X-rays are electromagnetic radiations which are lying
between gamma and ultra violet rays. These radiations can be produced by the collisions of
fast accelerating electrons with metal target. These high accelerated electrons can be produced

by heating the tilament. For accelerating purpose these electron are passed through the porous
cathode as described in Fag. 3.1.

U, U,

Fig. 3.1: X-rays productnon mechamsm [99).

For the production of x-rays there must be source for electrons production. High voltage is
necded For acceleranng electrons and & target comaining metal, X-ray diffraction (XRD)
technique is used to ideniify the material. Information about chemical composition, crystal

structure and physical properties of thin tilms. L works on diffraction and imerlerence. The
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interference could be constructive or destructive. For constructive interference, the size of inter-
atomic spacing of the sample must be comparative to the wavelength of incident x-ray
radiations [100,101]. There are mainly three factors which tune the reflected rays intensity, the
incident X-rays wavelength, angle of incidence and their inter planer spacing. Diffraction is
basically a scattering of incident x-rays from large numbers of atoms of the crystal. As in the
crystal lattice the atoms are amranged in a specific periedic arrangements baving specific
geometry that’s why there is o special phase refanonship between the scattered rays and atoms
arrangement. Destrucuve interference results no peak so it does not give any information. But

when the constructive interference occur it give full information about the sample [98].

3.i.1. Bragg’s Law
Bragg’s derived a relation between incident wavelength. inter-planner spacing’s and
angle of incidence, which is known as Bragg’s law. For X-rays to interfere constructively must

satisfy the following condition as given bellow,
nA =2dsing 3.

Where “n” is an integer no., “A” is wave length of incident x-ray, “d" is the inter-planer

spacing and "8 is scatiering angle. Bragg’s diffraction is shown in Fig. 3.2

f‘a\}r
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Fig. 3.2: Brage's reflection | $02).

3.2. Diffraction Methods

Bragg's law must be fulfilled for the occurrence of constructive diffaction. These
parameters must be fixed to obtains diffraction by satisfying the Bragg’s equation and can be
wne during the experiment by changing the value of “2” or “#". On the basis of the armangement

of paemmelers there are three special methods for diffraciion which are given below as.
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® Faue method.
® Powder method.

. Rotating erystal method.

3.2.1. Laue Method

Laue method is used to find the orientation and nawre of matenal [103]. In this method

sumple is kept fixed while the x-rays wavelength A" varied unless the Bragg's conditions

subisfied to get constructive interference fixed as shown in Fig. 3.3.
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Fig. 3.3: Laue dilTraction with varying diffracied wavelengths | H4].

Hence for each set of planes the angle of incidence “8 is fixed in Laue method. Diffraction

oceurs when Bragg's conditton is satisfied by the specific value of wavelengths for fixed values

of "d" and "8". So each diffracted beam appears with a specific wavelength [98].

3.2.2. Powder Method

This method is used for the analysis of crystai structure. In this method 3 monochromatic
beam of x-rays talls on the fine powder form sample. In the powder form every panicle is
oriented in an irregular arrangement in accordance with the incident x-ray beam so there are
fewer chances that some of the particles will diffract the x-rays constructively. In this method

every set of planes have ability 10 perform the phenomena of reflection [98]. The powder

method 1s shown in Fig, 3.4.
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i} i
Fig. 3.4; Diffraction by powder method | 103]).

3.2.3. Rotating Crystal Method

Rotating crystal method is also used for study of crystal structure. In this method the
wavelengih of incident x-rays beam is kept constant and the incident angle is changed by
rotating the sample. Crystal is put on along one of its axes or some particular crystallographic
orientation. The monochromatic x-ray beam is falling perpendicular on the sample as shown
in Fig. 3.5. A {ilm which is in cylindrical stwructure is balanced around it and the crystal is
permitted o rotate along the predefined direction. Both the axis ¢filim axis and crystal axis)
coinciding with each other. During the rotation process of crystal. specific set of planes satisfy

the Bragg’'s law and reflection of monochromatic x-rays beam occurred |98].

Fig. 3.5: Rowating erysial method [105].
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1.2.4. Particle Size Determination

For the measurement of average particle size Debye Scherrer formula is used as given
in Eq. (3.2). Paul Scherer introduced this formula. Limitations of its grain size measurement
lies in range from 0.1 10 0.2 ym. Due to this Scherer's formula is comparatively better than

Transmission electron microscope (TEM) which can measure particle size up 0 5 %. (106].

D= 0.9 (3.2)

feosBp

Where “B” represents the full width at half maximum (FWHM) which is shown in Fig. 3.6. It
is measured in radians. Bragg's angle is symbolized by “f” while crystallite’s size s
represented by “D’". Diffraction curve width “f” has an inverse relation with thickness of

crystal, i.e. when widih of curve increases then the size of particle decreases.
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Fig. 3.6; FWHM diftraction curve [ 107].
The value of B can be obtained from the following relation,
1
g = ;(29, - 28;) (3.3)

3.1. Scanning Electron Microscopy

The scanning electron microscopy (SEM) is the widely us¢d technique for detai] study
of the materials. It is used for ¢xamining morphological stiucture, panicle size distribution,
matenal surfuce and grain size apalysis. The prominent advantage of SEM over x-rays

dilfraction 1s that it gives direct images of the maserials. The main parts of scanning elecuron
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microscopy are electron beam, scanning system, detectors, display monitor, vacuum system

and electronics controls.

Working

SEM is based on emitted electron as photon in optical microscopy. In SEM, elecirons beam is
emied from heated filament, To control the flow of electrons beam the elecuic field is used
so that these electrons acquire enough kinetic energy. For maximum accuracy in results the
electrons beam passed through series of electromagnetic lenses. In SEM, each specimen point
that lit's by accelerated electrons produces signals in electromagnetic radiation from its
selected pant. Generally SE, BSE are collected by a detecior and amplified and then showed
compuler monitor as shown in Fig. 3.7.
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Fig- 3.7: Collection of radiation at deteclor | 108].

When the clectron beam interacts with sample it produces backscattered electrons, diffracted
elecirons. secondary electrons, heat, visible light and photons. The region where the incidemt
electron beam interacts with the specimen is known as interaciion volume. The backscatiered
and secondary electrons preduce image of specimens which give useful information about

specimen as shown in Fig. 3.8
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Fig. 3.8: Paris of SEM [108].
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The image formed by SEM is a 2D imtensity map in the digital or analog domain. In this every

image pixel on display is proportional to the signal intensity captured by the detecior at each

specific point of the sample.

In scanning electron microscopy magnitication entirely depends on the excitation of the scan

coils and its numerical value is determined by that mathematical formula.

M = imen (3.4)

Lepee
In which Ly 15 the length of monitor and L. is length of the scan on the specimen.

3.4. Fourier Transform Infrared (FT1R) Spectroscopy

FTIR is a non-destructive technique used for the recognition of nature of upnknown
materials whether material is organic or in organic and. Its quality depends upon vibrations of
atoms about their mean positions in materials. FTIR spectroscopy includes the absorption,

emission, reflection and spectrum obtained by Founer transform of an optical imerferogram.
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FTIR spectroscopy is used for a wide range of frequencies varying over ultraviolet, visible, far
infrared, mid infrared, near infrared regions by selecting different detectors and beam splitters
for the necessitated ranges. Other dispersive techniques are not capable for such a broad range

of frequencies.

In FTIR, when sample is exposed by infrared radiations the transmission and
absorptions of these infrared radiations measured the accompanying wavelengths of the
infrared radiations and vibration of atoms about their mean positions gives data about
separations among the atoms of material, chemica) bonding between the atoms and nature of
atom which is most necessary information. In this spectroscopy IR radiation passes from the
sample a parn of radiation is absorbed and part is transmitted so by combining the ransmitting
and absorbing infra-red radiation spectrum is obtained. FTIR lab apparatus as shown in Fig.
39

Fig. 3.9: Lab apparaivs of Fourser iranstorm infrared (FTIR) spectroscopy | 10Y].

The Michelson interferometer is the most important part of infrared spectroscopy. 1t consists
of Beam sphtter. two mirrors and infrared detector. One mirror is fixed and other 1s moveable.
Half portion of radiation is transmitted and remaining portion is reflected by fixed and

movcable mirrors these infrared radiations recombine with each other and give nise to
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interference before passed through detector for materials analysis. Michelson inlerferometer

experimental arrangement 1s shown in Fig. 3.10.
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Fig. 3.1¢: Experimental arrangement of Michelson inicrierometer f110].

Beam splitter is a semi silvered glass plate which is semitransparent for radiations. It placed in
such a way that it reflects and transmit half portion of infrared radiation. The reflected and
wransmitied fight hits the fix and movable mirror accordingly. These radiations reflected back
by mirrors and at beam splitter recombine with each other. If distance travelled by two beams
of intrared radiation is the same that means distance beiween beam splitter and two mirTors 13
the same this state is defined as zero path difference (ZPD). If rotating mirror moves away from
beam spliter means radiation covers longer distance which strikes with movable mirror
comparing 10 radiation which strike with fix mirror. Mirror displacement is the distance which
the movable mirror is away from ZPD and symbolized as A, so extra distance covered by
radiation is represented as 2A. Extra distance is defined as opiical path difference (OPD) and
wrillen as.

d =24 (3.5)

It iy well estublished when optical path difference is the multiples of the wavelength than
constructive interference takes place and due to this at detector maximum strength signals are

observed which is reported by the following equation as,
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d=ni n=0123..) (3.6)

But when OPD is half wavelength add multiples of wavelengths than destructive interference
takes place and due 1o this at detector minimum strength signals are observed which can be

described by that equation,
§=(m+31) (@=0123.) @7

When OPD is between these than signal should be between minimum and maximum. The plot
18 known as an imerferogram. Infrared detector is the instrument used to calculate the energy
of infrared radiation. It is of two types’ semiconductor and thermal detector [111]. Every
sample can absorb different amount of radiation depending vpon the strength of bonds and
structure. When radiation enters into detector than detecior produces signals. Because the
measured interferogram signal cannot be directly understood that’s why for decoding Fourier
transformation a well-known mathematical techmque is used and transformation is did by the

computer as shown in Fig. 3.11.
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Fig. 3.1} Formation of FTIR spectrum [§12].

3.5. Superconducting Quantum Interference Device Magnetomeler

Superconducting quantum interference device is a highly sensitive magnetometer used
for magnetic measurements and based on quantum effects in superconducting loop. This device

i« widely used in the field of medicine, biclogy and physics. In 1962, Bntish physicist B.D
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Josephson discovers Josephson Effect and on the base of this he invents Josephson junction.
Superconducting quantum interference device contains a superconducting closed loop
separated by a barrier (insulating tunnel barrier) having inner diameter of nearly 100 pm. There
are one or two Josephson junctions in the path of loop known as weak links as shown m Fig.
3.12.
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Fig. 3.12; Joscphson junctions [113].

Superconducting quantum interference device have the ability to work in larger fields
approaching to 7 T and that can resolve the changes onginated in external magnetic field up to
10-"* T because of superconducting ring having quantized state.

SQUID consists of a high-temperature superconductor (HTS} thin-film SQUID chip. two
feedback ceils to couple an exlernal signal 1o the SQUID and to regulate it. magnetic shield,
and a cable 1o connect the probe 1o the electronics box and superconduciing detection coil and
magnet.

Though SQUID is a highly sensitive device but it cannot measure magnetic field direcily from
the sample. A coil is used for the movermem of the sample connected with Superconducting
quanium interference device with the help of superconducting wires. Current from the detection
cosl 18 coupled with the SQUID through wires. Superconducting quantum interference device
work as current to voltage converter and the output voliage is directly proportional to the

current of input coil as shown in Fig. 3.13.
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Fig. 3.13: Superconducting detection coil sysiem in SCRIED {114]

Magnelic property imeasurement system (MPMS) takes measurements only when detection coil
moves the sumple which is located at the magnet center and outside the chamber of a sample.
A current is produced by the magnetic moments of a sample when sample is moved with the

help of coils and these are act as detection coils. When magnetic flux changes then it give rise

10 a persisient current in detection circuit due superconducting closed joop.
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CHAPTER 4

Results and Discussion

Spinel ferrites are the fascinating matenals which attain the intention of researchers due to their
promising potential applications in the field of industry such as, gas sensors, ferrofluids, and
high density storage media. Structure of the nanoparticle, intrinsic and extrinsic properties can
be controlled by different parameters such as synthesis methods, surface coating, reaction
temperature and chemical composition. All spinel ferrites have vast range of applications but
the preference of maghemite {y-Fe203) over other ferrites is its chemical stability. Maghemite
has the inverse spined structure similar 1 magnetite with only Fe (II) deficiency. Formula unit
of maghemite is (Feg*)a[FesnnAsn)gOsz, in which A and B represent tetrahedral and
octahedral site and A represents vacancy at octahedral lattice site. The versatility of maghemite
depends upon on the possibility of obtaining this material as particles of diverse morphologies.
This finds interesting applications such as magnetic refrigeration, magnetic sensors, {errofluids
and information storage. In addition maghemite nanoparticle coated with bio ligands have
variety of uses in bio separations and inmmunoassays and if particle is coated with silica it
shows interesting magneto-optical properties and also used as a sensor for Earth’s magnetic
tield. Maghemite ¢y-Fe:03) is also frequently used as a model to understand the magnetic
properties of a terromagnetic materials, Agglomeration is a big hurdle in order to study the
propersties of a material. The best way 10 avoid agglomeration is that magnetic panticles are
dispersed in a non-magnetic matrix. For this purpose I used SiO: to coat maghemite
nanoparticles. For the study of structural and magnetic properties we used X-ray diffraction,
scanning electron micrescopy, Fourier transform infrared spectroscopy and superconducting

gquantum interference device magnetometer.

4.1. X-Ray Diffraction

X-ray diffraction is widely used 1echnique for structural study and to compute the average
crystallite size of the materials [ 115]. The crystalline structure of maghemite nanoparticles was
characterized by X-ray diffraction (XRD. PHILIPS. XPert-MPD)} wilizing Cu-Ka radiations of
wavelength (7 = 0.134 nm) at the rate of 2°/min in the range of within the range of (20° - 70°).
XRD diffractogram of $i02 coaed maghermite nanoparticles is shown in Fig, 4.1, The indexed
peaks (2001, (311). (400). (422). (511) and (440) represemt the miller indices of different
diftraction planes at different angles 26 = 307, 35°,43° 537, 58° and 63°, respectively for 510>
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coated maghemite nanoparticles. These diffraction peaks are compatible with the maghemite
(JCPDS card No: 39-1346) standard structure and confirms face-centered cubic inverse spinel
structure of the sample. The effect of SiO: on the particle is the formation of Si-0O-8i network
during the synthesis of sample in which nucleation of the maghemite nanoparticles happens.

As the concentration increases more nucleation centers formed which restricts the panticle

erowth [116).
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Fig. 4.1: XRD pattern of silica coated maghemite (y-Fe2Os) nanoparticles.

The average crystallite size of the nanopanicles was calculated by using Debye Scherrer’s
formula, which 1s writien in mathemautical form as,

0.89.1

- Bcos@g 4.1y

In above eq. (4.1) D = average crystallite size, k= constant dependent on crystalhie shape with
vajue 0.91, & = wavelength of XRD (A = 0.15406 nm), 0 = Braggs angle measured in rachans,
B=full width at half maximum of the XRD peak [117]. The calculated average crystallite size

of maghemite nanoparticles is 19 nm. Due to amorphous nature of the Si02, XRD docs not
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uncovered any characteristic about $i0; but confirms the crystallinity of maghemite

nanoparticles very well.

4.2, Scanning Electron Microscopy

SEM is the imaging technique used to examine the shapes and surface of materials
whather it is at nano or bulk level and (o estimate the particle size of them [1§8]. Surface
morphology of maghemite nanoparticles is done with the assistance of SEM. Fig. 4.2 shows
the image of maghemite nanoparticles coated with $102 matrix {60 % wi. of 10tal nitrates) at

200 nm scale and magnification X70. 000.

20kV  X70,000 0.2um

Fig. 4.2: SEM image of $i0. coated maghemite (y-Fey0q) nanoparticles at 200 nm scale and X 70, ().

From SEM micrograph it is observed that nanoparticles are about spherical in shape and have
narrow particle size distribution. No agglomeration is seen which confirms the presence of

amorphous 510z that behave as a spacer between the particles.

4.3. Fourier Transform Infrared (FTIR) Spectroscopy

Fourier Transform Infrared (FTIR) Spectroscopy is a eritical tool which 1s used 1o study
the nature and chemical bonding between the matenal components. XRD technique does not

give any information about the amorphous $i0: that’s why we used FTIR 10 study and confirm
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the formation of coating material Si0; on maghemite nanoparticles. Fig. 4.3 shows the FTIR
spectrum of $i0a coated maghemite panoparsticle. It is observed that some maghemite bands
e.2. bands at 440 and 480 cm™’ are coincide partially with SiO; broad band at 470 cm™' and this
band at 470 cm™! is the feature of Si-0-Si bending vibration. The separated maghemite bands
from $i0: are at 693 and 553 cm™'. The presence of Si-O-Fe vibrational band is at 953 cm™!
which confirms the S$i0: matrix and maghemite nanoparticles interaction. In addition

asymmetric and symmetric S$i-0-Si stretching vibration bands at 1097 and 815 cm™' are alse

noticed.
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Fig. 4.3: FTIR spectrum of 510: coated y-Fe:03 nanoparticles,

4.4, Zero Field Cooled and Field Cooled Magnetization

Magnetic measurements were done by utilizing a SQUID-magnetometer (Quantum
Decign. MPMS-XL-7) installed at Instiute of Physics, Karl-Franzens University, Graz,
Austria. Fig. 4.4 demonstrate the temperature dependent field cooled (FC) and zero field cooled

(£LFC) curves of Si0: coated maghemite nanoparticles.
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Fig. 4.4: FC and ZFC magnetization curves for SiQ» coated y-Fey0s nanoparticles.

For zero field cooled (ZFC) the nanoparticles were cooled down 1o 4.2 K in the absence of
external field. Al 4.2 K, magnetization is measured as per increasing the iemperature in the
presence of applied field (H) = 100 Qe. In ZFC, as temperature builds up the arrangement of
magnetic moments along the field are brought on. On further increasing T, thermal energy geis
over the anisotropy energy barrier and arbitranly frozen magnetic moments are deblocked from
their anisotropy axes. The maximum o ZFC comesponds to average blocking temperaware (Tr)

of the nanoparticles. This observed behavior can be explained by using Neel-Armhenius

relation,
E
1= roexp(;fr) 4.2)

In above Eq. 4.2, kaT = thermal energy, Ex = anisotropy energy barrier and 1o is the atomic
spin-thip time [119.120]. Here Ea = Kex V in which “V” is average volume of particle and
“Keir” 1s effective anisotropy constant, In order 10 reverse the magnetization of magnetic
nanoparticle the huge core spin must exceed anisotropy energy barrier {Ea) of nanopanicle.

This 15 possible only when the thermal energy is greuter than anisotropy energy barrier. At
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kpT> Ea the thermal energy is encugh to deblock spins from their amisotropy direction and
lasity they attain the superparamagnetic state [121]. The deblocked nanoparticle’s huge core
spin alters its magnpetization direction many tmes during the esumation tme and act as
paramagnetic atom. Due 1o deblocked core spins magnetization decreases as the temperature
increases and the higher external applied magnetic ficld has no such power to align these core
spins. But at the condition keT< Ea, the thermal energy is not enough to surpass the anisotropy
energy bamier that’'s why it can't deblock the namoparticies huge core spins from their
anisotropy axis. At that point the external applied strong magnetic field align the core spins.
Arrangement of magnetic moments along the field continues expanding up to T of the
nanoparticles and after that moments show decreasing trend because of increase in thermal
energy is now more than anisotropy energy bamier. At that condition the nanoparticles move
1o superparamagnetic state (T > Tg) from blocked frozen state. Lower magnetization of ZFC
curve at low temperatures is due to the randomly frozen nanoparticles spins. However, the M
continuously increases with decreasing T which is due to applied field. In FC curve, the
nanoparticles spins are not randomly blocked in their anisotropy axes due to presence of

applied field which causes increase in “M” with decreasing “T". The continuous increase n

]

“M” with decreasing “T" in FC curve at low temperatures is an indication of presence of lesser
dipolar interactions among nanoparticles due to presence of amorphous non-magnetic 5i10;

surface coating. The Si0s acts as spacer between the particles to aveid agglomeration,

4.5, Temperature Dependent M-H Loops

M-H loops at 5 T field cocled (FC) for $i02 coated maghemite nanoparticie at different
temperatures such as T= 5, 25, 50, 75, 100, 150, and 300 K are measured. It is observed that
the M-H loops are not saturated even at £ 5 T. The saturation magnetization {M.) increases
with decreasing T. The “M,” at 5 K comes out to be 24 emu/g which 1s much lower than the
“M;" value tor bulk maghemite “M,” {bulk) = 80 emu/g. The “M,” value is strongly size
dependent and decreases with decreasing panicle size for ferrite nanoparticles [122]. The
surface spin-glass freezing in ferrites and presence of $i0: mairix are the two main factors that
are greally responsible for the reduction of "M,” In coated ferrite nanoparticles. Normally the
surface spins have bond with core spins only on inner side. But as the silica coating has
teraciion with particle’s surface that can also change the surface magnetization. Therefore
silica coating has the significant effects on the magnetization reversal in maghemite

nanoparticles [ 1{9]. M-H loops are shown in Fig. 4.5.
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Fig. 4.5: M-H loops of 5i0: coated y-Fe, 01 nanoparticles at different termperares. Inset represents the

detailed behavior of the coercivity.

4.6. Temperatore Dependent Saturation Magnetization

The “M.” value strongly dependent upon temperatore and decreases with increasing
temperature [122]. The temperaluré dependent magnetization of $i0: coated nanoparticles at
maximum applied field of £ 5 T is shown in Fig. 4.6 (a). The “"M,” value exhibits monotonous

behavior, i.e. increases with decreasing temperature due 1o excitation of spin waves.

The temperature dependent “M,” of nanoparticles can also examuned by using Bloch's law
[123]. Through this law it is observed that “M," consistently increases with decreasing

temperature and that shows good fitting of Blech’s law as shown in Fig. 4.6 (b} [124].
Mathematically the Bloch’s law can be written as,
M (T) = M,(1-BT?) 4.3)

In this eq. b = Bloch exponent. B = Bloch constant, Mo = saturation magnetization value at 0
K and M. (T) is the measured temperature dependent saturation magnetization. “B™ and “b”

are the fitting parmmeters [125])
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Fig. 4.6: (a) Temperature dependence saturation magnetization (M.) for Si0» coated y-Fe; O nanopanicies and

{b) Bluch™s law fiL idon ne} using Eq. (4.3} for Si0; coated y-Fe;Os nanoparticles.
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Bloch's law fitting gives B = 0.01275 and b = 0.57371 for Si0: coated y-Fe:Os nanoparticles.
Bloch's law demonstrates good fitting for SiO2 coated y-Fe20s nanopanicles. However the

value of b is much fower than the value for 3 D systems such as 3/2.

4.7. Temperature Dependent Coercivity

Fig. 4.7 demonstrates the temperature dependence of coercivity (He) for Si02 coated y-

Fe>03 nanoparticles.
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Figz. 4.7: Temperawre dependence of coetcivity (H,) for Si0: comed y-Fe20s nanopanicles.

It is observed that coercivity (Hc) shows a sharp increasing pattern at low temperatures which
is atribwed to the contribution of surface amsotropy (frozen surface spins) [126]. Coercavity
of the coated nanoparticles increases monotonically with decreasing temperature due 1o
reduction of therma) fluctuation of blocked moments across the anisotropy barrier [127]. At
low temperatures. the anisotropy is the massive function of temperatare for napoparticles.
Theretore “H:" increases sharply due to contnbution of strong surface anisotropy in them.
Instead of anisotrapy, the other factors such as structural properties, volume distributions, and

inter-particle interactions are also effect the coercivity of the nanoparticles.
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4.8. Temperature Dependent Remanent Magnetization

Fig. 4.8 shows the temperature dependence of remanent magnetizahion (M;) for 510

coated y-Fe:On nanoparticles,
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Fig, 4.8: Temperawure dependence of remanent magnetization (M,) {or 530; coaled y-Fe;03 nanopanicles.

From figure increasing rend of remanemnt magnetization {M;) at low temperatures is observed.
Morcover step-like behavior near remanent field 15 also noticed. Both are credited to less
dipelar interaction in coated nanoparticles [128]. Lower values of remanent magnetization

ensures the soft magnetic nature of Si0; coated y-Fe20s nanoparticles.

4.9, Magnetization Relaxation and Stretched Exponential Law Fit

We have done field cooled (FC) and zero field cooled (ZFC) magnetization for Si0

coated y-Fe20s nanoparticles 1o study effects of SiO» coating on their relaxation dynamics.

4.9.1. Field Cooled Magnetic Relaxation

Fig. 4.9 shows the FC relaxation of magnetization (solid cubes) and stretched exponential
law £t (ane} for S10: coated y-Fe203 nanoparticles ar temperature (T) = 5 K. For FC relaxation,
the sample is first FC in 100 Oe from room temperaiure to target temperature (5 K). Afterwards

the field is switched off and magnetization is recorded with time. It is interesting to note that
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al low temperatures, the magnetization does not relax after switching off the field and
continuously decreasing, which indicates the presence of slow spin dynamics or spin-glass in

these coaled nanopartcles [129].
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Fig. 4.9: Fickd cooled magnetic relaxation {solid cubes) and streiched exponential law fit {~line) using Eg. (4.4)
for Si0; coated y-Fe:Oq nanoparticles.

Usually there are two models used to fit the relaxation data; {1} logarithmic relaxation decay

model and {ii) streiched exponential decay model [130]. We have fitted relaxation curves of

the relaxation curve recorded at 5 K using stretched exponential law as,

M =M, + (M, — M) exp(—(t/T)F (4.4)
where My and M; are inittal and final magnetization. 1 is the mean relaxation time and B is a
shape purameter. “1 and “[” are the fitting parameters. The initial parameters measured values
at T= 5 K for fining are My =0.73 and M» = 0.436. Obrtained fitling parameters values are 1=
8606 s and B = (0.45825. Exponential law shows good fiting on this data. The shape parameter
(P) lies berween 0 and | for different disordered systems. Spin-glass systems usually exiubit
in the range 0.2 - (1.6. below the freezing 1emperature [131]. Repornted the 5 value egual 10 0.52
for the spin-glass alloy La-Fe-Mn-Si. below freezing iemperature. The long relaxation time and
value of [ indicates the presence of slow spin relaxation or spin-glass in SiO: coated

nanoparticles. The stow relaxation of coated nanoparticles is due to their stronger spin-glass
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behavior and interactions with the Si0z coating. In spin-glass systems, there are landscapes of
irregular energy barrers and magnetic spins (in our case itis huge core spin of the nanoparticle)
are trapped in them and requires more time for spin-flop. The longer spin-flip time is

responsible for longer magnetic relaxation time.

4.9.2. Zero Field Cooled Magnetic Relaxation

Superparamagnetic systems show slow spin relaxation in the FC protoco] only, while
spin-glass systems show slow dynamics in both ZFC and FC protocols {132]. Therefore we
have also investigated magnetic relaxation in ZFC protocol at 5 K (solid circles) and stretched

exponential law fit (line} as shown in Fig. 4.10.

1,104
1.08 4
1.064
'a r
5 1.04-
E b L
21.024 y
= I _ 9
1.004§ ® . Exp. data : -
0.984 § —— M= My+ (Mg -Mo)expl-tig)® ]
1e¢ H =100 Oe applied a1t T= 5 K 1
0.9€ - . B = 0.48164 T
L T i L) Y ¥ r ¥ v T
0 2200 4400 6600 8800 11000

t(s)
Fig. 4.10: Zera field cooled magnetic relaxation {solid spheres) and swretched exponential law fit (~line) using
Eq. (4.4} for i) coated y-Fe»O: nanoparticles.
For ZFC relaxation. the sample was first ZFC 10 5 K and then 100 Oc field is applied and
magnetization 1s recorded with time. Jt is evident that the system alse shows slow spin
rclaxanon 1 ZFC protocol in addition 1o the FC proiocol. Therefore our sysiem shows slow
spin relaxation in both FC and ZFC protocols which suggests the presence of spin-glass
behavior. The initial parameters values for the fiting at T = 5 K are My = 0,951 and Ma =

1.1057. Obriained fitting parameters values are 1= 571 s and B = 0.48.
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Conclusions

Si0: coated y-FeaOs nanopanicles have been symhesized successfully by using sol-gel
method. XRD reveals FCC inverse spinel structure for coated y-Fe2Os nanoparticles. The
average crystallite size comes out to be 19 nm because large concentration of Si02 during
growth restrict the particle size. The spherical shape of nanoparticles is confirmaed by scanning
electron imicroscope (SEM). Magnetic measurements show that hysteresis loops for coated
maghemite nanoparticles are not saturated even at a Jow temperaiure due 1o presence of
disordered surface spins which require rather high applied fields for saturation. The saturation
magnelization s also drastically reduces for coated nanoparticles as compared 1o counter bulk
maghemite due to large surface spin diorder, smaller crystailite size of panoparticles and
presence of non-magnetic SiOz coating maierial. The average blocking temperature (Tg) of
maghemitc nanoparticles is found te be lower than room temperature which shows their
superparamagaetic nature at room temperature. The coercivity increases sharply at lower
temperatures due to presence of stronger surface anisotropy contribution in them. Magnetic
relaxation data shows the slow spn dynamics in both FC and ZFC protocols. which ensures
the presence of spin-glass behavior in these Si0 coated y-Fe20s nanoparticles. In summary.

silica coated naropartictes show stronger surface sping disorder and spin-glass behavior.
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