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ABSTRACT

AC and DC magnetic properties of zirconia (ZrO;) coated maghemite nanoparticles
have been studied by using SQUID magnetic measurements. X-ray diffraction (XRD)
analysis showed inverse spinel structure for ZrO; coated maghemite nanoparticles.
Average crystallite size was calculated to be 14 and 5 nm for maghemite and ZrO>,
respectively. Zero field cooled/field cooled (ZFC/FC) magnetic measurements
showed the superparamagnetic blocking temperature (Tg) at 65 K. The coercivity
showed an enhanced behavior at SK which is due to enhanced surface anisotropy at
low temperatures. The M-H hysteresis partial loops were not saturated even at 5 T
which is also due to enhanced surface spins disorder in these nanoparticles. The
increase in saturation magnetization (M;) with decreasing temperature was fitted by
using Bloch’s law. Frequency dependent AC susceptibility data showed the decrease
in T with decreasing AC signal frequency. The shift of Ty with frequency was first
analyzed by using thermally activated Arrhenius law. Fifting of Arrhenius law
provides non-reasonable values of the atomic spin flip time and thermal activation
energy. The same data was analyzed by using Vogel-Fulcher law which gives
reasonable value of spin-flip time and interparticle interaction parameter Tp = 36 K -
which confirms the moderate interparticle interactions among the nanoparticles.
Dynamic scaling law exhibits the suitable fitting to AC susceptibility data, as the
dynamic critical exponent (zv) =5.75 takes value between 4 and 12, which is the
characteristic of the spin glass system. In summary, all measurements exhibit the
significance of enhanced surface effects in ZrO, coated maghemite nanoparticles

produced by random frozen surface spins.
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Nanotechnology has wide applications in the semiconductor industry,
medicines, electronics, biotechnology, tissue engineering, optical engineering,

commerce, defense and security which are shown in Fig. 1.1 [2].
1.2.1 History of Nanotechnology

The word “Nano” has been derived from the Greek word “Nanos” which
means “Extremely small”, The basic idea of nanotechnology is emerged in 1959 when
Professor Richard Feynman told that “there is plenty of room at Bottom” in the
conference of the American Physical Society at California institute of technology.
These small tiny particles are termed as “Mechanical Surgeon” because these have the
ability to diagnose and to do the precise surgery of damaged cells by inserting them
into the body. Feynman said that we could synthesize things atom by atom using the

different laws and rules of physics and chemistry [3].
1.2.2 Nanoparticles

Those particles whose size lies in the range of 1nm to 100 nm in at least one
dimensions are said to be nanoparticles. It has the simplest structural size among
smaller particles. Nanoparticle is the cluster of atoms bonded together with radius less
than 100 nm. High surface energy, high surface to volume size ratio and quantum size
effects are some significant properties of the nanoparticles which differentiates their
magnetic, optical, electrical and mechanical properties from other bulk particles. Due
to high surface energies, nanoparticles have reduced melting points, enhanced

mechanical strength and change in optical properties [4].
1.2.3 Nanomaterial

Nanomaterial is the collection of nanoparticles with sizes less than 100
nanometer in at least one dimension. Nanomaterials have significant changes in
physical and chemical properties at nanoscale, which is attributed to high surface
energy. Fig. 1.2 shows different types of nanostructured materials like nano rods and
thin films etc. Magnetic memory effects of nanomaterials are directly dependent upon
their sizes. There is great change in surface to volume area ratio as size of the
nanomaterial become less than 50 nm [5]. The performance of different materials can

be increased if structure and synthesis of nanoparticles are controlled at the nanoscale.
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Fig. 1.3: Bio-medical applications of magnetic nanoparticles [8].

The magnetic properties of nanoparticles are dependent upon their size, shape,
preparation technique and chemistry of the materials. The most commonly examined

magnetic nanomaterials are Nickel, Cobalt, Chromium, Iron compounds and their
alloys [9].

1.4 Magnetism and its Concepts

The basis of magnetism is the flow of electric charges. Almost all materials
have the ability to respond to the magnetic field lines; however some shows very little
magnetic response. Electrons are the origin of magnetism in a single atom and these
atoms make the magnetic field of the whole matter. Electrons generates magnetic
field due to two types of motion, one is the spin motion which is the quantum
mechanical behavior of electron and behaves like tiny bare magnet. The spin motion

may be up or down.

The other type of motion is the circulatory motion of electron around the
nucleus which is just like the current loop. The magnetic field due to spin motion is
stronger than the field produced by spherical motion of electron [10]. The magnetic
field lines generated by motion of electron in a circular loop are said to be a
dipole [11]. The Fig. 1.4 shows two types of magnetic moments, magnetic moment
due to orbital motion of electrons and magnetic moment due to the spin motion of

electrons. The electrons orbiting around the nucleus in an atom respond to the external
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M=y H (1.3)
Where magnetization (M) is the ratio of net dipole moment to volume in the

material (Equation 1.4),

M= Um;a}/V (1.4)
Magnetic susceptibility is a dimensionless quantity and it measures the
response of 2 magnetic material to an external magnetic field. Magnetic susceptibility

can be expressed in terms of;
Xm= -1 (1.5)

Where . is the relative permeability and it shows the degree of magnetization

obtained by a material in response to externally applied magnetic field [13].

AN

Ji

Fig. 1.5: Circulating electron causing dipole moment [13].

The Fig. 1.5 is the representation of direction of current in form of orbital
motion of electrons and the magnetic dipole moment. According to right hand rule,
the curve fingers points in the direction of current and thumb shows the direction of

dipole moment.

1.5 Types of Magnetism

Materials are categorized into different magnetic materials by their response to
external magnetic field. The different types of moment alignments in a material help
to recognize various kinds of magnetic behaviors observed in nature. There are five

different forms of magnetism i.e. diamagnetism, ferromagnetism, paramagnetism,















Magnetization at zero applied magnetic field is said to be remanence
magnetization (Mr) and when the external magnetic field is applied in the opposite
direction to make the net magnetization to zero then it is termed as coercive force

(Hce) [16].
1.5.3.3 Magnetic Relaxation

When the magnetic dipoles of a material are placed in the field of a magnet,
then there is a period of time for which it relaxes into its equilibrium position. This is
named as magnetic relaxation. This process is usually dependent upon magnetic
anisotropy in which magnetic moments of a material relaxes more easily in easy axis
as compared to the hard axis of the material. It is also dependent on thermal energy.
There are usually two different types of relaxations known as Neel’s and Brownian’s
relaxation. Neel’s relaxation is the time taken by a single spin flip between its energy
minima due to therma! variations in absence of magnetic field. It is measured by using

the Neel’s Arrhenius law (equation 1.7):

T = 19exp (E/kgT) (1.7)

Where ‘to* is the single atomic spin flip time ranges from 10° s to 107'% s, ‘E,*

is the activation energy and ‘kpT” is the thermal energy [23].
1.5.4 Antiferromagnetism

Materials having magnetic spins of equal magnitude but opposite in direction
are known as antiferromagnetic materials. The exchange interaction property pairs the
magnetic spins in such a way that they are opposite in direction and cancelling the

effect of each other leaving zero net magnetization.

Fig. 1.10: Opposite alignment of spins in an antiferromagnetic material [13].
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1.6.1 Soft Ferrites

Soft ferrimagnetic materials have low coercivity and small hysteresis loops.
These are ferrimagnetic in nature having cubic crystalline structure. Soft ferrites are
denoted by the chemical formula MOFe,Q;, where M represents the group of
transition metals i.e. Iron, Manganese, Cobait and Zinc. These materials can be easily
magnetized and demagnetized. The motion of domain wall occurs easily in a soft
ferrimagnetic material which is accredited to proper annealing, surface impurities and

dislocations [25].
1.6.2 Hard Ferrites

Hard ferrites belong to the class of those materials which have large value of
coercivity and remanence magnetization. Hard ferrimagnetic materials composed of
compounds of Barium, Iron and Strontium oxide etc. When hard ferrites are
magnetically saturated, then permeability of these magnetic materials is increased as
well as conductive properties are also enhanced. So the capability to accumulate
powerful magnetic field of these ferrimagnetic materials improves as compared to
Iron metal alone. These magnetic materials are significant due to widespread
applications of these ceramic materials in house hold appliances like in air-condition

coolers etc. [13].
1.7 Spinel Ferrites and their Types

Spinel ferrite materials have cubical structures with small eddy current loss
and lower value of resistivity at microwave frequencies [26]. They are ideal for use
due to above stated significant properties. Spinel ferrites have chemical formula
KFe;0;, in which K shows the divalent element comprising of Nickel, Magnesium,

Iron, Cadmium, Cobalt and Zinc.

Spinel ferrites have close packed structure with 32 oxygen ions making unit
cell and usually show FCC crystal structure. There are two interstitials positions
which can be filled by metallic ions. Tetrahedral lattice site (A) and octahedral lattice
site (B) for divalent and trivalent iron cations are present. There are 64 tetrahedral and
32 octahedral lattice sites are available in a unite cell of spinel ferrite structure which

is shown in Fig. 1.12 [27].
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(MnFe,O4) and Magnesium ferrite (MgFe;04) are examples of intermediate spinel

ferrites.
1.7.3 Inverse Spinel Ferrites

Inverse spinel ferrites are known by distribution of half trivalent ions on
octahedral lattice sites (B) while reaming half on tetrahedral lattice sites (A). Inverse
spinel ferrites are represented by general formula [Dv™ |4 [D*'Dv**]g0s, where D and
Dv denotes divalent and trivalent cations individually. Magnetite (Fe;Qq4) is an
example of inverse spinel ferrite materials in which iron ion occupy octahedral lattice

site [29].
1.8 Applications of Ferrites

Ferrites are metallic oxide materials with semiconducting property. These
materials have great technological significance attributed to their remarkable
electrical and magnetic behaviors. Ferrites have applications in transformer cores,
microwave oven, antenna rods, magnetic data storage devices, permanent magnets,

magnetic recording media, transducers, activators and computer memory chips [31].

The ferrites in nanocrystalline structure are used in different fields i.e. targeted
drug delivery, catalyst, gas sensors, magnetic ferro-flutds and biotechnology [32].
Ferrimagnetic materials have wide applications in high frequency devices on behalf of
their minimum cost, high resistivity and small loss of eddy current. The crystalline
ferrites can’t be replaced by any other magnetic materials due to their key role in
industrial applications. That is why, the processing of these materials is important in

changing the properties for desired applications [33].
1.9 Iron Oxides and their Applications

[ron oxides are chemical compounds of iron and oxygen. Iron oxides occur in
different form of chemical compositions having different magnetic properties. There
are almost sixteen types of iron oxides and oxyhydroxides [34]. Iron oxides are
interesting materials to magnetically guidable systems. These oxides include the
maghemite, magnetite and MO .Fe,0O; (M= Mn, Co, Ni, Cu). These materials show
ferrimagnetic nature. Ferrimagnetic iron oxides are less affected by magnetic field as
compared to ferromagnetic materials. The lower magnetic response of iron oxide

composites is attributed to less sensitivity in oxidation process [35].
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showing the property of polymorphism. ZrO, has three crystal forms namely
monoclinic, tetragonal and cubic, which are usually analyzed by definite geometry
and structural factors [43]. ZrO; is emerging as an adaptable and promising material
among the dental ceramics due to its biological and mechanical properties. ZrO,
based ceramics have extensive uses in structural engineering, for example in making

cutting tools, gas sensors and refractories [44].
1.11 Effects of Surface Coating on Maghemite Nanoparticles

Maghemite (y-Fe;O3) nanoparticles possess large surface area to volume ratio
and hence keep high surface energies. These particles tend to agglomerate with each
other in order to reduce their surface energies. The agglomeration is the effect of
accumulative forces between the nanoparticles, which includes the van der Waals

forces and dipole-dipole interactions [45].

Likewise, the bare maghemite nanoparticles have high chemical reactivity and
can be easily corroded in air (particularly magnetite). These particles usually causes in
loss of magnetic property and dispersive property of nanoparticles. Consequently, it is
very necessary to maintain the stability of magnetic maghemite nanoparticles by
adopting specific effective protection strategies and suitable surface coating. These
strategies consist of embedding or coating with organic molecules like polymers,
proteins, biomolecules, or surface coating with an inorganic material i.e. metal oxide,
metal sulfide and nonmetal substances. Metal oxide coating includes zirconia, silica

and aluminum oxide etc.

Superparamagnetic maghemite nanoparticles can also be stabilized in solution
by electrostatic repulsive forces. Particularly, in most cases, coating with metal oxide
not only stabilizes the maghemite nanoparticles, but also utilized for further
functionalization [46]. ZrOQ, was chosen as a coating material, as it is not only good
insulating material but also has other interesting properties like chemical passiveness,

high resistance and fracture stiffness etc.
1.12 Superparamagnetism

The magnetic anisotropy which keeps the magnetic particles aligned in
particular direction, is normally dependent on the volume of the particles [47]. As the

particle size reduces, the energy related with the uniaxial anisotropy also reduces
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CHAPTER 2

Literature Review

In this section, we present the analysis of the work which has been researched
and analyzed by several researchers on the preparation and characterization of
maghemite nanoparticles. There is special focus on the work published on magnetic
studies of ferrites; mainly on the iron, manganese and copper ferrites and mixed spinel
ferrites. The biomedical and technological applications of these spinel ferrites have
also been discussed in detail. The analysis of maghemite will assist the reader to
acquire the knowledge about the significance of work; we have done in the current
study. The properties of superparamagnetic maghemite nanoparticles are significantly
affected by the physical properties of the powder such as size, shape, pureness and

chemical structure of the particle.

Kodama et al [50] have studied the magnetic properties of iron oXxide
nanoparticles. These nanoparticles have shown distinct physical and chemical
behaviors like superparamagnetism and these magnetic nanoparticles can also be
carried to a particular spot by applying external magnetic field. A magnetic particle is
composed of merely one particular magnetic domain below a critical diameter which
is almost 5-20 nm for maghemite (y-Fe;O3) and magnetite (Fe;04) particles [39], so
these nanoparticles are at the state of constant magnetization at any magnetic field in a
fine dispersed medium without any interaction with adjacent domains. Material
consist of these magnetic nanoparticles shows magnetic properties in an applied
magnetic field, but in absence of field, magnetic behavior vanishes [51]. The cause for
this behavior is termed as superparamagnetism, in which the magnetic domains will
undergo frustration behavior by having sufficient space to refuse the agglomeration of

nanoparticles.

Sheng-Nan et al. [52] reported that superparamagnetic iron oxide
nanoparticles are the most common nanoparticles which have uses in biomedical field
and this is attributed to small cost of synthesis, low toxicity and distinct magnetic
behavior. Magnetite and maghemite phases of iron oxide have been broadly

investigated on the basis of their synthesis methods, magnetic characterizations,
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surface variations and biomedical applications. Iron oxide nanoparticles generally
display superparamagnetic behaviors when their sizes become less than 20 nm and
these are named as superparamagnetic iron oxide nanoparticles. This article provides
brief introduction about iron oxide nanoparticles on the basis of their magnetic
applications such as targeted drug delivery. it also gives information about fabrication
techniques, surface protection strategies and application examples from current
important literature. The surface coating and size of nanoparticles have key roles in
biomedical uses. The author analysis concentrates on the fabrication methods and

surface variations of superparamagnetic iron oxide nanoparticles.

Wu et al [53] analyzed surface modified superparamagnetic iron oxide
nanoparticles, which are unique efficient materials having wide applications in the
field of catalysis and biotechnology. This article emphasis on current improvement
and numerous different approaches in synthesis, assembly and magnetic
characteristics of bare and surface coated magnetic iron oxide nanoparticles. These
nanoparticles have observed behaviors of high saturation magnetization, surface
stability, biocompatibility and interactive magnetic properties at surface in order to
implement the useful applications. Furthermore, iron oxide nanoparticles surface can
be changed by coating with organic material or inorganic material i.e. polymers,
biomolecules, zirconia and nonmetals etc. There is special focus on complications and
challenges related to the preparation and surface coating of iron oxide nanoparticles.
Moreover, multifunctional magnetic iron oxide merged nanoparticle designed with
dynamic sites will promise for numerous potential uses like catalysis, magnetic

recording media, bio-separation and bio-detection, etc.

Chirita ef al. [54] examined the key properties of iron oxide nanoparticles and
their numerous photo-electrochemical uses. Several different innovative methods are
described in the application of photo-electrochemistry, like solar energy conversion,
water splitting and photo-catalysts for purification of aqueous or gas phases of a
material by removing the organic and inorganic particles. Sometimes, these
applications in some specific surroundings require the surface wvariation of
nanoparticles in order to shield them from chemical frustration and aggregation. The
surface coating can also be used to enhance the functionalities of the magnetic core,

for instance biological stealth, optical properties, catalytic and adsorbing ability.
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Nadeem et al [55] analyzed the effects of surface spins on magnetic
characteristics of maghemite nanoparticles having 6 nm size. The magnetic properties
have been studied by using SQUID analysis and also these experimental outcomes
were compared with theoretical models. Magnetic moments surface frustration
generated in maghemite nanoparticles is attributed to surface disorder of magnetic
dipole moments. The theoretical simulation of ac-susceptibility has been used to study
the new results of ac-susceptibility. When the experimental and theoretical results are
compared, then it results in the existence of large active anisotropy and freezing
surface effects of magnetic iron oxide nanoparticles. These different effects are due to
an enhanced toughness of frozen surface moments which obeys the dynamic scaling
law. This law is different from Arrhenius law. The effective anisotropy constant (K)
of these maghemite nanoparticles is increased as compared to bulk maghemite, which

is accredited to the occurrence of randomly arranged surface spins,

[slam et al. [56] synthesized unique neck structured hematite, maghemite and
magnetite nanoparticles by modified hydrothermal technique. The X-ray structural
analysis has shown the purity of the magnetic nanoparticle. All the products were
analyzed through transmission electron microscope to find the shape and size of
nanoparticles. Neck structured particles shape was detected for the first time among
all superparamagnetic iron oxide nanoparticles. The size of particle lies in between
rannge of 50 to 60 nm. The SQUID analysis of magnetic nanoparticles has shown
excellent values of magnetization and hysteresis loops. Likewise, the as-synthesized
nanomaterials suspensions displayed the temperature rise in the applied AC magnetic

field which specifies the possibility of hyperthermia.

Nadeem et al [57] have examined the effects of spin and exchange
interactions on magnetic behaviors of maghemite nanoparticles, which are
synthesized through microwave plasma method. The transmission electron
microscopy and zero field cooled measurements of as-synthesized nanoparticles
indicate highly mono-disperse size distribution of nanoparticles with smalt value of
blocking temperature. The experimental readings of these mono-dispersed magnetic
nanoparticles are quantitatively compared with theoretical models. The existence of
high coercivity and wide hysteresis loops at high magnetic field (75 T) is because of
large surface area. Simulated and experimental FC-ZFC models display difference in

their field cooled (FC) curves which is attribute to non- interacting single-domain

22



magnetic particles. Effective anisotropy constant results in greater value than the
analogous bulk value due to an extra influence of magnetic anisotropy. Fitting of
Arrhenius law provides unreasonable values of activation energy parameter and
atomic spin flip time. Fitting of Vogel-Fulcher law gives reasonable results of fitting
parameters. The increase of the interaction parameter (Ty) is accredited to stronger
interparticle interactions. Dynamic scaling law fitting is used to check the spin-glass
freezing effect. Maghemite nanoparticles produce reasonable results of critical
exponent parameter which shows the presence of surface spin glass freezing effect.
Coercivity is enhanced in maghemite nanoparticles due to the existence large

magnetic dipolar interactions.

Osborne et al. [58] studied a fast, direct microwave plasma assisted
preparation of dextran surface coated iron oxide nanoparticles. The nanoparticles
were synthesized in two hydrodynamic magnitudes with varying core shell structures,
which were done by changing the technique as either a two-phase or single phase
procedure. The remarkable advantage of this technique is to get rapid and reliable
results without the need of PH or temperature sensitive methods. Microwave plasma
preparation of superparamagnetic iron oxide nanoparticles offers opportunities for
quick production of clinically related contrast agents and the ability to discover new
platforms for future magnetic resonance contrast agents with almost immediate

results,

Nadeem et al. [59] have analyzed the magnetic properties of maghemite (6nm)
nanoparticles with the help of SQUID analysis. Superparamagnetic maghemite
nanoparticles have been synthesized by microwave plasma method which is used to
avoid the aggregation of nanoparticles. Magnetization curves of ZFC-FC indicate
blocking temperature value at 75 K. Fitting of Arrhenius law produces unreasonable
values of activation energy parameter and atomic spin flip time. AC susceptibility
fitted to Dynamic scaling law displays suitable value of critical exponent (zv =10),
which should lie in range of 4 to 12 where this value is distinctive for spin glass
phase. There is rapid enhancement in temperature dependent coercivity at lower
temperature values which is attributed to canted surface spins. Magnetic memory
effects and thermo-remanent magnetic behaviors also support the presence of spin
glass property. All these magnetization processes indicate the existence of magnetic

blockings and spin glass freezing effects at different temperatures.
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Deng et al. [60] synthesized magnetite (Fe;O4) nanoparticles embedded in
silica matrix by sol gel technique. The results have shown that the reaction parameters
like type of alcohol and the quantity of aqueous ammonia has significant effects on
the preparation of silica coated magnetite nanoparticles. The morphology and
crystalline structure of silica coated magnetite nanoparticles attain an irregular shape
with the increasing of polarity of alcohol, also poor coating efficiency was obtained
by using methanol. Magnetite nanoparticies coated with silica matrix were obtained
with good morphology and phase structure having volume range from 2 to 4 nm. The
quantity of catalyst (aqueous ammonia) plays significant role in the synthesis of
nanoparticles. Large magnetite embedded in silica matrix nanoparticles with more
proper shape and mono-dispersed nature could be achieved by increasing the quantity
of precursor. Magnetic characterization indicates the superparamagnetic behavior of

silica coated magnetite nanoparticles.

Benitez ef al. [61] analyzed the joint structural and magneto-metric properties
of self-assembled superparamagnetic iron oxide nanoparticle. These mono-dispersed
magnetic nanoparticles were prepared by thermal decomposition route. XRD analysis
and transmission electron microscopy were used to characterize the structural and
phase properties of iron oxide nanoparticles. These structural and phase
characterizations were compared to the magnetic behavior of nanoparticles examined

by SQUID analysis.

Zhang et al. [62] reported that zirconia based materials are being extensively
used as a thermal barrier coating material because of their higher meiting temperature
and lower thermal conductivity. Structural properties like phase study, density of
states, lattice parameter and surface impurities for both monoclinic and tetragonal
zirconium dioxide were analyzed. Phase transition of a pressure based tetragonal
zirconium dioxide was also found which is based on tetragonal variation and band
assembly under compressive forces. The results showed change of monoclinic phase
to cubic phase at an applied pressure of 37 GPa. Furthermore, monoclinic zirconia

thermodynamic results were also calculated.



CHAPTER 3

Synthesis and Characterization Techniques

3.1 Techniques to Synthesize Nanomaterials

In order to explore unique physical properties and to realize the dynamic uses
of nanomaterials, it is the comer stone in nanotechnology to synthesize and process
nanomaterials and nanostructures. It has become very essential for the application of
nanomaterials with strict control over shape, morphology and size distribution of
nanoparticles, moreover, these nanomaterials has wide applications in different fields
of nanotechnology i.e. catalysis, biomedicine and solar technology. The performance
of nanomaterials is dependent upon their physical properties, which in turn relay on
the molecular morphology, configuration, micro-structure, imperfections and surface
chemistry of nanomaterials. These properties can be controlled by thermodynamics of
the formation of nanomaterials [63]. Preparation of nanoparticles is usually carried
out by two different broad categorized methods. First one is top down and another one

is bottom up approach. These two approaches are discussed in detail.
3.1.1 Top down Approach

Top down procedure includes the division of the bulk material into nano-sized
particles. Top down preparation methods are extension of those techniques which
have been applied for production small size particles. This approach of synthesis is
simple and dependent on either elimination or miniaturization of bulk material. It is
also composed of bulk synthesis methods to obtain the required shape and
morphology of nanomaterials. At the nanoscale, top down techniques are normally
not fit for fabrication of nanoparticles because these methods currently face technical

limitations as well as need tremendously lengthy and expensive procedures [64, 65].
Top down approach includes;

1. Sputtering

2. Laser ablation method

3. Electron beam lithography
4

. Plasma etching
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3.2 Preparation of Maghemite Nanoparticles

There are different techniques to synthesize maghemite nanoparticles. Their
different structural parameters like structure, size and surface morphology of
nanoparticles can be controlled by different procedures, therefore every technique
have its own limitations and delimitations as well as advantages and disadvantages
[45, 66-68]. Some techniques for the preparation of ferrite and maghemite

nanoparticles are mentioned below;

Sol gel method
Coprecipitation method

Hydrothermal synthesis

E A

Microwave plasma method
3.2.1 Microwave Plasma Method

Maghemite nanoparticles coated with ZrO, have been synthesized by
microwave plasma technique [69, 70). Microwave plasma preparation technique is
used to produce highly dispersed nanoparticles with very small particle size
distribution. In Microwave plasma preparation method, precursor materials are
reacted in the form of gas. Such type of methods is usually operated at low
temperatures because plasma produced there is enough for nucleation and growth of
nanoparticles. Plasma is the ionized state of matter having zero total charge. Plasma
has conductive nature which is attributed to movable charge ions. Fine particles made
by microwave plasma method do not interact with each other and avoid aggregation,

which is due to surface coating [71, 72].

In the begging of microwave plasma method, the reactant material in the form
of liquid or solid is introduced into the microwave plasma system. Here Argon gas is
used as a carrier which carries the precursor material in vapor form into plasma
region. A precise amount of reaction gas, usually 20% of Oxygen in Argon is injected
into the reaction unit exactly in front of microwave plasma zone, where nanoparticles
are produced. Another evaporation source facility is also available for the surface

coating of nanoparticles.

Now after processing and fabrication of nanoparticles in the microwave

discharge region, the argon gas carry nanoparticles with itself passing through the
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glass tube equipped with water cold glass-finger. The cold glass-finger is situated
inside of the glass tub. The cold glass-finger is used for preparation of nanoparticles
in dry powder form. When these prepared nanoparticles pass through the tube, they
become condense and attach on the surface of cold glass-finger. After formation of
nanoparticles, the cold glass-finger having surface accumulation of nanoparticles is
removed from the glass chamber and then nanoparticles are collected in the form of

dry powder [73, 74].

Iron pentacarbonyl (Fe(CO)s) is used as a reactant material for the preparation
of maghemite nanoparticles. A combination of 80% argon and 20% oxygen gas is
used as a reaction gas. In this technique, precursor material consuming rate is 15 ml/h
and reaction gas flow rate is about 51/min. The flow rate of Argon gas is noted to be
0.4l/min and total pressure is adjusted at 8 mbar. In microwave plasma process
frequency of 2.45 GHz and power 150 W is being used. The temperature is measured
to be 200°C after microwave plasma process [71, 74]. The Fig. 3.2 shows the
synthesis procedure and steps in the formation of ZrO; coated maghemite

nanoparticles.

Injectedimo
Iron pentazrboryl Microwave reaction gas (80% argon
{Fe (CO),) plasmachamber and 20% oxygengas)

Added in vepor
argon asa carrier gas form into Zirconia(Zr0,), a
plasmachamber coating material

Nanoparticles
At B mbar pressure tormed in - At 200° C temperature

plasmaunit

After coating, coated iron oxide

nanoparticlesaredried and collected
from cooled glasschamber.

Fig. 3.2: Flow chart of synthesis of ZrO; coated maghemite nanoparticles.
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3.3 Characterization Techniques

There are different characterization methods which are used to characterize
the physical properties of maghemite nanoparticles. We can acquire information about
structural geometry, surface chemistry, size, shape and intemal bonding nature of the
nanoparticles with the help of these characterization techniques. Here, we have used
XRD for the structural analysis and SQUID magnetometer to study the magnetic

properties of ZrQO; coated maghemite nanoparticles.
3.4 X-rays and their Production

X-rays are a type of electromagnetic radiations having high energy and very
small wave length. These rays have the ability to penetrate solids, dense and opaque
materials. Their wavelengths are shorter than light and in the range of 0.1 nm to
10nm. German scientist Roentgen had discovered the X-rays in 1895. These rays were
named X-rays because of unidentified nature [75]. X-rays are created when a heavy
material like tungsten is targeted by fast moving electrons. Fig. 3.3 represents the

experimental system of X-rays production in Coolidge tube.
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Fig. 3.3: Schematic diagram of X-ray production in Coolidge tube [76].

Coolidge tube is partially evacuated solid crystal cylinder enclosed by lead
box. There is thermionic discharge of electrons from the cathode filament by applying
low tension supply to the filament. Electrons are focused on the target material with

the help of hollow metallic tube ‘C’. These electrons are accelerated between anode
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and cathode filaments by applying high voltage. The accelerated electrons are targeted
on the anode ‘T’ with the help of cylinder ‘C’.

Approximately 99.8 % electrons are used in heating the target material ‘T” and
remaining 0.2% electrons penetrate into the surface of target and consumed in
production of X-rays. The anode materials should have high thermal conductivity,
high atomic number and high melting point like tungsten, because these target
materials usually get melted on high bombardment of electrons. Here Rheostat is used

to regulate the intensity of x-rays by controlling the current of cathode filament [76].

3.5 X-ray Diffraction

X-ray diffraction is one of the efficient characterization method which is
commonly used to find the crystalline structure of materials. X-ray diffraction gives
information about crystal structure, lattice parameter, crystal alignment, particle size

and defects in crystallographic structure.

This experimental technique has been long employed for analyzing crystalline
structure including internal stresses and surface geometry of the crystal. It is an old
characterization technique which is often used to recognize the unknown material
[63]. Diffraction in a material occurs when the magnitude of inter atomic spacing
matches with the wavelength of incident radiation. An X-ray of wavelength about 0.1
nm is used to get information about crystal structure [77]. When X-ray falls on the
surface of material, then these rays reflected back and interfere constructively or

destructively with each other depending on inter planner spacing of the material.

There is a specific phase correlation between the scattered X-rays due to
regular arrangement of atoms in a crystal solid. Information about crystal structure is
only obtained from constructively interfered X-rays. When phase reiationship does
not satisfy the condition of constructive interference, then usually destructive

interference is observed in scattering directions [78].
3.5.1 Bragg’s Law

Bragg’s law is usually used for examining the crystalline structure and inter-
planer spacing (d) of crystalline materials. Fig. 3.4 displays the schematic diagram of

Bragg's law reflection. The relationship between the wavelength of the incident X-
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3.6.2 Powder Method

In powder method, first of all crystal under analysis is converted into very ﬁnle
powder and then a monochromatic bearn of X-rays is allowed to fall. Every particle in
the powder appears as very small crystal which is oriented in an irregular manner with
respect to the incident beam of X-ray; hence there is a small chance that all the
particles will be oriented in a proper way in accordance to the incident beam. In this
technique, every set of crystal planes have ability to do the phenomena of reflection

[78]. Fig. 3.6 shows the setup of powder method.

Fig. 3.6: Powder crystal spectrometer [83].

3.6.3 Rotating Crystal Method

In rotating crystal method, a crystal is adjusted along one of its axis or in some
specific crystal direction which is perpendicular to the direction of monochromatic X-
ray bearn as demonstrated in Fig. 3.7. A thin film is adjusted around the sample
crystal in cylindrical shape, where the crystal is allowed to rotate in definite direction,
Both the film axis and crystal axis coincides with each other. During crystal rotation,

only particular set of planes satisfy the condition of Bragg’s law [78].
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Transmission electron microscopy is also be used to find particle size but use

of Scherrer’s formula is better as compared to TEM.
D =kA/Pcosd (3.2)

[n above formula, ‘B’ represents the half of maximum intensity i.e. full width
at half maximum and as displayed in Fig. 3.8, it is measured in units of radians. ‘A’ is
the wavelength of Cupper Ka-line and ‘6’ shows Bragg’s angle while particle width is
represented by ‘D’. Diffraction curve width (B) has opposite relation to the thickness

of crystal like particle size reduces with the increasing width of curve [84].
3.8 Transmission Electron Microscopy (TEM)

Transmission Electron Microscopy is a method which is used to analyze the
material by transmitting of electrons through the sample. There are electromagnetic
lenses in TEM for the analysis of shape and size of nanoparticles. The working
principle of TEM is based upon the Lorentz force, in which the magnetic field is used
and focused on the lenses to get high resolution final image.

Fig. 3.9 shows the schematic diagram of TEM. The first part of TEM is
“electron gun” which produces electrons at relatively higher temperature. These
electrons with different accelerating voltages are passed from different lenses. Before
striking the sample, the electrons are accelerated and tuned in form of a beam while
passing through condenser and electromagnetic lenses. The sample which is to be
analyzed is adjusted in between the two objective lenses. When beam is transmitted
through the sample, a first image is formed and is shown on the fluorescent screen.
There are three types of contrast are present in TEM image which are mass-thickness,
phase and diffraction contrast. Mass-thickness contrast is produced by the thickness
and density of the sample [85]. Therefore image is darker in those parts where sample

thickness is greater. This type of issue is generally observed in larger samples.

TEM analysis uses both direct and diffracted electrons to make the image
because in this way diffraction contrast increases. Diffraction contrast appears most
prominently in perfect crystal structures. If there are defects and impurities in
crystalline structure, then the TEM image will indicate a reduction in contrast and will

show the amorphous nature of the sample. Bright or dark images are produced as a
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CHAPTER 4

Results and Discussion

Spinel ferrite nanoparticles become popular in the area of research due to
unique physical and chemical properties like electric, magnetic and optical properties.
These unique magnetic properties include the high value of permeability, high
saturation magnetization and isotropic magnetic behavior. Spinel ferrites are soft
magnetic materials as they can be magnetized and demagnetized easily by applying
the magnetic field, and these can also be treated as insulating materials, That is why;
spinel ferrites have prominent applications in the field of biotechnology, as a catalytic

agent and in preparation of magnetic materials [93].

Maghemite nanoparticles and their compounds become very popular in the
field of nanotechnology in last few decades regarding to their potential use [94]. The
use of maghemite nanoparticies is incredibly increased due to unigque magnetic
properties and non-toxic nature [45]. Iron oxide nanoparticles belong to the group of
ferrites with different structural phases based on changing temperatures [95].
Maghemite nanoparticles are composed of the molecules of oxygen and hydrogen in
specific proportion. Maghemite nanoparticles with diverse structural phases have

varied physical properties [96, 97].

Maghemite (y-Fe;O3;) nanoparticles belong to the group of spinel ferrites
having two lattice sites like tetrahedral and octahedral [98, 99]. Maghemite
nanoparticles have ferromagnetic nature. Iron oxide nanoparticles have dynamic uses
in different fields such as in catalysis, in magnetic data storage devices, in MR, for
medical diagnosing and in remote sensing [39, 100]. Magnetite and maghemite have
similar chemical structure. Maghemite have also the same chemical formula
(F eg+3)A[Fe4m3+3Ag;3]BO32 as like magnetite but with the deficiency of Fe'? elements.
A and B positions in the formula shows the tetrahedral and octahedral lattice sites

while A shows the vacancy at the octahedral lattice sites [59].

Microwave plasma technique is most commonly used in the preparation of
nanomaterials because it has advantage over other conventional methods, as there is

high degree of excitation and ionization as compared to other formal methods of

38



electrical dissociation [101]. In this research, microwave plasma technique is used for
the synthesis and fabrication of maghemite nanoparticles coated with non-magnetic
ZrQ;. The ZrO; coating is used to avoid the agglomeration and to get uniformly
dispersed nanoparticlés (102, 103]. XRD and TEM analysis are used for structural,
size and shape characterization of maghemite nanoparticles. SQUID magnetometer is
used to analyze the magnetic behaviors such as AC and DC magnetic properties at

different temperatures.
4.1 Structural and Phase Analysis

XRD is a well-known technique used to analyze the crystal structure and to
find the average crystallite size of nanoparticles [104]. The crystal structure of the
maghemite nanoparticles coated with zirconia (ZrQ;) was observed through XRD

analysis. Characteristic XRD peaks of maghemite and ZrO; are displayed in Fig. 4.1.

Fig. 4.1 exhibits the XRD pattern of maghemite nanoparticles coated with
non-magnetic ZrO,. The indexed peaks (110), (210), (220), (311), (422) and (440)
denote the miller indices of various planes of maghemite (y-Fe,0,) at the diffraction
angles 20 = 16°, 27°, 31°, 35°, 56° and 61° respectively. The other obtained peaks
(011), (002), (112) and (121) represent the miller indices of Zr(, at the diffraction
angles 20 =30°, 35°, 51° and 61° respectively. X-ray diffraction peaks were confirmed
by comparing with standard peaks of iron oxide phases. The XRD peaks of
maghemite nanoparticles were found to be matched with the pattern of the inverse
spinel structure of maghemite. The most intense peaks are (011) and (311) which
belong to the coated material ZrO; and maghemite respectively. XRD peaks from
other crystal structure were not detected, which shows that Zr(J; coated maghemite
nanoparticles had high purity and crystallinity. The huge peaks correspond to Al

substrate.

Average particle size of maghemite nanoparticles is measured by using Debye

Scherrer’s formula,
D =kAi/Bcos8 (4.1)

In equation (4.1), ‘D’ is grain size, ‘K’ is constant with value equal to 0.91, ‘X’

is the wavelength of X-ray radiation, ‘9’ is diffraction angle and ‘P’ is the line width
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at half maximum height. Average crystallite size of maghemite comes out to be 14 nm
while crystallite size of coating material (ZrQy) is about 5 nm as calculated by Debye-

Scherrer’s formula [105, 106].
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Fig. 4.1: XRD peaks of ZrQ, coated maghemite nanoparticles,

4.2 Transmission Electron Microscopy

Transmission electron microscopy is used to study the size, shape and
morphology of particles. Fig. 4.2 indicates the TEM image of Zr(; coated maghemite
nanoparticles at the magnification scale of 50 nm. It is clear from the figure that the
nanoparticles are well dispersed and small in size. The TEM image also reveals that
the nanoparticles are highly crystalline and non-agglomerated. The shape of
maghemite nanoparticles is almost spherical with narrow size distribution [107, 108].
It is clear from the Fig. 4.2 that most of the nanoparticles are non-agglomerated due to
presence of ZrO, coating. The ZrQ; coating acts as a spacer between nanoparticles

which avoids the agglomeration of nanoparticles.
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The system is first cooled from 300 K to 4.2 K in a zero applied field to obtain the
ZFC magnetization curve, Furthermore, magnetic field is applied with regular
increase of temperature and consequently the FC magnetization curve is drawn [110,
111]. Moreover, the ZFC curve overlaps with the curve of the FC at higher

temperatures and separates from the ZFC at junction temperature Tj =220 K [112].
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Fig. 4.3: FC-ZFC curve of maghemite nanoparticles coated with ZrQ;.

The ZFC curve shows maximum around 65 K. These magnetic nanoparticles
become thermally unstable (above blocking temperature) showing the
superparamagnetic property. The magnetization of nanoparticles exponentially
reduces as KV/kgT. These magnetic nanoparticles represent distinctive strong
magnetic fields at relatively low temperatures but this property reduces as the
temperature is increased. When nanoparticles are chemically coated with non-
magnetic materials, then their blocking temperature reduces to lower temperature
values. The surface energy of the nanoparticles is increased when there is no coating
of any surfactant material. As a result, there is strong interparticle interaction and

agglomeration of nanoparticles.
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These agglomerated nanoparticles link with each other in form of clusters,
which results in an increase of the blocking temperature. therefore, ZrQ, coated
maghemite nanoparticles are more easily aligned with the external magnetic field as
compared to bare maghemite nanoparticles [112]. The net magnetization of surface
coated maghemite nanoparticles is found to be reduced, which is attributed to non-

collinear surface spin arrangement.

4.3.2 M-H Hysteresis Loop at 5K Temperature

Magnetic hysteresis loop of maghemite nanoparticles coated with non-
magnetic ZrO is drawn with the help of SQUID magnetometer at 5K temperature by
applying £5 T magnetic field and it is shown in Fig. 4.4. The M-H hysteresis loop
shows the ferrite nature of magnetic maghemite nanoparticles. The inset figure shows
the clear hysteresis loop with coercivity (Hc) value of 184 Qe. Frozen surface spins
are stacked on the surface of nanoparticles and have strong interactions with core
shell spins. The H, is largely increased by this property of spins at low temperatures
[113].
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Fig. 4.4: M-H loop at 5 K temperature with an inset graph of coercivity.

43



In the presence of strong magnetic field, the spins of individual nanoparticles
start aligning in the direction of field and reaches maximum saturation magnetization
(M;) value. The measured value of M; is 11.4 emu/g. This value of M; is less than the
corresponding bulk M; value (M; = 80 emu/g) which is characteristic for maghemite
nanoparticles due to non-collinear spin structure of surface spins. There is
enhancement in M; value at low temperatures (5 K) and it is due to the reduced spin

vibrations at nanoparticles surface [114, 115].

H. is also significant parameter of hysteresis loop that can be affected by
dipolar and exchange interactions. Kodama et al. [47] also presented a computational
model of magnetic behavior showing disordered spin freezing on surface of ferrite
nanoparticles. Where the existence of smaller M; for ferrite nanoparticles is attributed
to the randomly arranged surface spins. Verdes ef al. [90] showed a mathematical

model about the enhancement of H, with increasing agglomeration of particles.
4.3.3 Temperature Dependent M-H Partial Loops

The magnetization measurements were done by using SQUID magnetometer
at maximum applied field up to £5 T with varying temperatures. Fig. 4.5 represents
the schematic diagram of M-H partial hysteresis loops at different temperatures 5, 25,
50, 75, 100, 150 and 250 K for the applied magnetic field of £5 T. The H. values are
184, 26.6, 5.9, 2, 0, 0 and 0 Oe at their respective temperatures of 5, 25, 50, 75, 100,
150 and 250 K respectively. There is typical growth in coercivity values of
nanoparticles with diminishing temperatures. The basic reason behind the increasing
He with reducing temperatures is the spin glass behavior and pinning of surface spins.
The other cause of huge value of H, at lower temperatures is the core shell interaction
of nanoparticles {116]. M; values are calculated to be 11.4, 7.5, 6.6, 6.3, 6, 5.7 and 5.3
emuw/g at their respective temperatures of 5, 25, 50, 75, 100, 150 and 250 K

respectively.

One of the significant property of the M-H partial hysteresis loops is that at
lower temperatures, the magnetic moments of the nanoparticles do not completely
saturate even by applying high magnetic field of 50 kOe and this is usually due to the
random and non-collinear surface spins of the nanoparticles. Size dependent decrease
in M; is distinctive property of ferrite nanoparticles which is attributed to disordered

surface spins [117].
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Fig. 4.5: M-H partial loops of maghemite nanoparticles at different temperatures.
4.3.4 Saturation Magnetization and Bloch’s Law Fitting

The M; values plotted against varying temperatures ranging from 5 to 250 K
are shown in Fig. 4.6. For very large ferromagnetic arrangement, M; below the Curie

temperature (Tc) follows the Bloch’s law [118].
M(T) = M(0) (I - BT') (4.2)

In equation 4.2, ‘My(T) is the temperature dependent saturation
magnetization, ‘My(0)’ is the spontaneous magnetization at zero kelvin, ‘B’ is the
Bloch’s constant (fitting parameter) which is dependent upon material structure and
‘b’ is the Bloch’s exponent (fitting parameter). Bloch’s law is usually effective for
ferromagnetic and ferrimagnetic bulk materials including ferrites [118, 119].
According to Bloch’s law, the temperature dependent magnetization is due to the

excitation of spin waves [120].
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In the Fig. 4.6, the M; value (11.4 emu/g) corresponding to T= 5 K is very
large and it exceeds the range of Bloch’s law fit, so in this fitting, we only use the
remaining M; values without considering M=11.4 emu/g. In this fitting, M, shows the
usual increase with reducing temperature which is due to the existence of freezed and
canted surface spins. Furthermore the fitting was not converging at lower
temperatures because of the reducing M; values. In ZrQ; coated maghemite
nanoparticles, the alignment of surface magnetic moments and their exchange
interactions with the core shell magnetic moments is usually changed because of
interaction with surface coating material. The ZrO, coating of these nanoparticles
eases the alignment of core shell spins with external magnetic field and that is the

reason due to which M; is improved at lower temperatures [49].
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Fig. 4.6: Bloch's law fitting for ZrQ; coated maghemite nanoparticles.

The value of Bloch’s exponent is b = 0.16 for a2 3D amrangement. Fitting of
Bloch's law produces: B = 2.4 x 107" and M(0) = 12.4 emu/g by using equation 4.2.
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Bloch’s law represents normal fitting for non-magnetic ZrQO; coated maghemite

nanoparticles.
4.3.5 Coercivity

The temperature dependence of H; for uniformly dispersed single domain
magnetic nanoparticles with one dimensional anisotropy can be explained in the form
of a mathematical model known as Kneller’s law [115]. The plot of H, vs. T with

nonlinear graph follows the Kneller’s law.,
H. = H(0) (1-(T/Ty") (4.3)

In equation 4.3, ‘H.(0)’ is the coercivity at 0 K and ‘Tg’ is the average
blocking temperature. We tried to fit the Kneller’s law but it did not converge at low

temperatures due to frozen surface spin effects.
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Fig. 4.7: Temperature dependence of Hc of ZrC; coated maghemite nanoparticles.

Fig. 4.7 shows the temperature dependence of H, of ZrO, coated maghemite

nanoparticles. The nanoparticles usually have large H. values at low temperatures
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because of their strong surface anisotropy. The coercivity value in this specific
situation is affected by many factors rising mainly from different particle size
distribution [121, 122]. There will be large deviation from Kneller’s law if the volume

of the single domain particles differs in a broader range [123, 124].
4.4 Frequency Dependent AC Susceptibility

Frequency dependent AC susceptibility measurements gives us information
about the measuring time and magnetic state of blocked nanoparticles which are
determined by the anisotropy energy barrier (E.= K.gV). Temperature dependent AC
susceptibility is also used to measure the change in Ty with shift in frequency. Fig. 4.8
represents the frequency dependence of in-phase AC susceptibility of ZrO; coated

maghemite nanoparticles in frequency range from 0.1 to 1000 Hz.
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Fig, 4.8: In-phase AC susceptibility of ZrQ; coated maghemite nanoparticles.

Here first nanoparticles are cooled from room temperature to 4.2 K in the

absence of external magnetic field and then AC susceptibility is measured with an
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increasing temperature. The Ty is increased from 77 K to 102 K as the frequency is
shifted from 1 to 1000 Hz. The smaller change in Tg with increasing frequency is due
to enhanced interparticle interactions. Dipolar and exchange interactions are also
operative in maghemite nanoparticles, which make the system stiffer causing smaller

change in Ty with an increasing frequency.

AC frequency dependent magnetization includes the different types of fitting
laws like Arrhenius law, Vogel-Fulcher law and Dynamic scaling law. All fitting
graphs of these laws are dependent upon Ty and measuring time (t). AC frequency
dependent magnetization is not only used to investigate the magnetic state of
nanomaterials but also gives information about the dynamics of the nanoparticles
system. These laws are used to get the information about the atomic spin flip time,

dispersed nature and spin glass behavior of nanoparticles.
4.4.1 Arrhenius Law Fitting

The dynamics of magnetic relaxation were studied with the help of AC
magnetic susceptometry. Arthenius law is used for measuring the time of mono-
dispersed and non-interacting single domain blocked particles with uniaxial

anisotropy barrier energy (E,) [125].
T =tgexp (E /kgTg) 4.4)

Where ‘7’ is the measuring time of the spin flip of a nanoparticle, ‘1o’ is the
atomic spin flip time required for magnetic vector (dependent upon gyro-magnetic
ratio, particle volume and damping constant), ‘E,’ is the anisotropy energy, KgTs is
the thermal energy. The average anisotropy barrier is Es= Ker V, where ‘Keg' is the
effective anisotropy energy constant and ‘V’ is the average volume of particle. The
value of E, and frequency can be readily attained by AC magnetic susceptometry
measurements [126]. When there is large enough separation between the
nanoparticles, then interparticle interactions between magnetic moments are
insignificant. The Fig. 4.9 shows the Arrhenius law fitting of maghemite nanoparticles

with graph plot of time (t) vs. blocking temperature (1/Tg).
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Fig. 4.9: Arrhenius law fit for ZrO, coated maghemite nanoparticles.

Owing to superparamagnetic behavior near the blocking temperature, where
the measuring time of the spin flip becomes equal to zero, the anisotropy energy
becomes very small as compared to thermal energy and the direction of the spin flip
changes quickly giving rise to thermal oscillation between magnetic nanoparticles
[49].

The above graph shows the straight line with fitting parameter of activation
energy Eq/kp is equal to 2228 K and atomic spin flip time tp = 3x107'* s, The value of
To does not lie in the range of standard value (10'9 to 1072 s), also E/kp gives
unphysical value which exceeds the standard value calculated for ferrimagnetic
materials, Both fitting parameter values given by Arrhenius law are not reasonable, so
our particles system don’t follow the Arrhenius law. Now some other laws are

employed for measurement of reasonable values of E,/kg and 1
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4.4.2 Vogel-Fulcher Law Fitting

The two parameters 1o and Ey/kg of Arrhenius law fit are inadequate, so there
is need of an improved analysis using the Vogel-Fulcher law [110]. The Vogel-
Fulcher law is described in Eq. 4.5 with an extra parameter Ty, showing the strength

of interparticle interactions,

r = 1pexp (Eskp (T-Tp) 4.5)

In equation 4.5, ‘7’ is the relaxation time of spin flip of nanoparticles, “ty” is
the atomic spin flip time, ‘E,” is the anisotropy energy barrier, ‘kpT’ is the thermal

activation energy and ‘Ty’ is the fitting interaction parameter.
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Fig. 4.10: Vogel-Fulcher law fit for maghemite nanoparticles coated with ZrQ,.

Fig. 4.10 displays the outcomes the Vogel-Fulcher law fitting. The value of
to=1x10"% 5, activation energy parameter Eo/ks = 763 K and T, value from the best fit
is 36 K. The 15 and E,/kg uses reasonable values for ZrO, coated maghemite
nanoparticles, The value of Ty shows that maghemite nanoparticles have interparticle

interactions. The graph of Fig. 4.10 is totally linear which shows that relaxation time
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is directly proportional to the inverse of temperature Moreover 1, and Ey/kp values are
comparable to the standard values measured for ferrimagnetic and ferromagnetic

nanoparticles, which shows that these nanoparticles are interacting,.
443 Dynamic Scaling Law Fitting

After using the Vogel-Fulcher law for ZrO; coated maghemite nanoparticles,
now we will check the possibility of spin glass property in maghemite nanoparticles
by using Dynamic scaling law fit. There are mainly two types of spin glass states in
nanoparticles, first one is the super spin glass state and second one is the surface spin

glass state.

Nanoparticles with or without non-magnetic medium may become frozen at
lower temperatures which is attributed to particles magnetic dipolar interactions and
identified as super spin glass state. Dynamic scaling law is generally used to analyze
spin glass systems. The following time scaling law is used for critical dynamics

systemns [127].

r=1 [T/(Ts-To)]* (4.7)

In equation 4.7, ‘1’ is the experimental measuring time of freezed surface
spins, ‘t*’ is related to the coherence time of joined distinct atomic magnetic
moments, ‘Ty’ is the “fixed” spin glass transition temperature, “zv” is the critical
exponent ranging from 4 to 12 for different spin glass freezing systems [115, 128] and
‘Ts’ is the frequency dependent freezing temperature. Dynamic scaling law shows
that there is a critical decrease in relaxation time close to the spin ‘glass transition
temperature. Fig. 4.11 represents the results of Dynamic scaling law fitting for
maghemite nanoparticles coated with ZrO;. It gives the result of transition
temperature Ty = 70 K which is in good agreement with the Tg of the FC-ZFC curve
(see Fig. 4.3).

Fitting of Dynamic scaling law gives us reasonable results of T=6x10"s
and zv = 5.75. The enhanced value of T is attributed to frozen and randomly arranged
surface spins, therefore have much greater relaxation time as a compared to single
atomic spins. The value of critical exponent falls in the range of spin glass regime

which specifies the presence of spin glass effect in maghemite nanoparticles [129].
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Flg. 4.11: Fitting of scaling law to the frequency dependent AC-susceptibility of maghemite

nanoparticles.
Table 4.1: Values of fitted parameters from Arthenius law, Vogel-Fulcher law and Dynamic scaling
law fits,
Law Parameter Values
Arrhenius law To 3x103 s
Ey/ks (K) 2228K
Vogel-Fulcher law o 1x10°% 5
Ev/ks (K) 763 K
To(K) 36K
Dynamic scaling law T 6x107° s
zv 5.75
To (K) 65K
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4.5 Conclusion

We have studied the AC and DC magnetic propertics of maghemite (y-Fe;Os)
nanoparticles coated with zirconia (ZrO;) prepared by microwave plasma synthesis.
This synthesis method avoids interparticle interaction of nanoparticles due to charging
in the plasma. ZrO; coating has significant effects on the structural, AC and DC
magnetic properties of maghemite nanoparticles. The structural and phase
configuration of nanoparticles were characterized using the X-ray diffraction method
which confirms inverse spinel structure for maghemite nanoparticles. The blocking
temperature (Tg) of temperature dependent zero field cooled/field cooled (ZFC-FC)
takes value 65 K at an applied field of 50 Oe. Temperature dependent M-H hysteresis
loop at 5 K indicates the small value of saturation magnetization (M;) 11.4 emu/g as
compared to bulk saturation magnetization value (80 emw/g) and it is accredited to
non collinear surface spins. The typical growth in coercivity with reducing
temperatures of M-H loops is attributed to random and frustrated spins at the surface.
Bloch’s law shows normal fitting for non-magnetic ZrO; coated maghemite
nanoparticles in temperature range from 5 K to 250 K having increasing trend of
saturation magnetization with decreasing temperatures and this property is due to the
exchange interactions of surface spins with the core shell magnetic moments.
Arrhenius law does not fit to AC frequency dependent magnetization data. Such an
attempt results in unphysical values of atomic spin flip time 1o (3x10"%s) and
activation energy E./kp (2228 K). Fit to the Vogel-Fulcher law relax the unreasonable
results of fitting parameters and provides reasonable value for atomic spin flip time
(1x10®s). Dynamic scaling law fit supports the presence of spin glass behavior. It
yields proper value of critical exponent “zv” (5.75) in the range of spin glass state.
Randomly freezed frustrated surface spins of maghemite nanoparticles are responsible
for surface spin glass effect. The main origin of enhanced surface effects in ZrO;
coated nanoparticles.is primarily frustrated spins at the surface. All measurements
specify the existence of moderate interparticle (dipolar) interactions among
nanoparticles. In conclusion, ZrO; surface coating can be beneficial to control the
nanoparticle size and to tailor the structural as well as magnetic properties of the

maghemite nanoparticles for diverse applications.
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