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Abstract

All the way through history, magnetism has played a vital role in the
development of civilization. Both bulk as well as nanoscale magnetic
structures form basic building blocks in a number of scientific and
technological applications, starting from the electronic recording media,
spin transport, medical diagnosis (eg. magnetic resonance imaging) to the
magnetic levitating train. Recently, production and use of colloidal
nanostructured systems has emerged as an important concept in the
development of nanoscience and nanotechnology.!'! With the advent of
advanced processing tools/techniques, a colloidal system with narrow size
distribution, improved environmental stability, surface functionalization
capability etc. can be fabricated. Such a system is capable of exhibiting
numerous fascinating properties including unusual optical, optoelectronic
and magnetic responses.® In particular, magnetic colloidal nanocrystals
have received widespread application in various fields. ¢!

The magnetic control of flow (properties of a liquid material) is a
challenging task. Ferromagnetic materials contain a large number of
magnetic domains. The magnetization in each domain direct to any
direction with uniform alignment of spins in the absence of an external
magnetic field. If there exist only one domain in the material, the material
shows a very high magneto static energy.®® Materials loose their magnetic
properties at temperatures far below their melting points.['” On the other
hand, molecular liquids e.g. paramagnetic salt solutions require extremely
high magnetic fields in the order of several Teslas to influence their
magnetic properties. "' A ferromagnetic liquid cannot, therefore, be
produced by simply melting a ferromagnetic solid. Stable suspensions of
small magnetic particles in appropriate carrier liquids have many
advantages over the above mentioned problems. This kind of stable
suspensions, popularly called ferrofluid, were first identified by Gowan
Knight's attempts in 1779 to produce a magnetic fluid by suspending iron
filings in water. His attempts failed because particle sedimentation

occurred in a short time. Recent methods are based on modified principle
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and therefore, more advanced in terms of stability and reproducibility.
Typically, a ferrofluid contains magnetic colloids in an appropriate carrier
liquid. It can be prepared out of any kind of magnetic particles with size 2-
10 nm. Because of the various forces (entropic repuision, Van der Waals
force and magnetic force) acting between the magnetic nanoparticles
(MNPs), they tend to agglomerate. This results in loss of stability of the
ferrofluid. But the agglomeration can be stopped either by electrically
charging or by coating the MNPs with some suitable surfactant. "2
Ferrofluid exhibits common fluid nature as well as some extra ordinary
behavior under a magnetic field e.g. magneto-optic and magneto viscous
property. Such kind of fluid is highly applicable in magnetic seal, shield,
drug targeting etc. [

This thesis is an extensive attempt to study synthesis and
characterization of different ferrofluids. Special emphasis was given on
selective surface functionalization (by using surfactants) on MNPs that
constitute a major component of ferrofluids. Both magneto-optic as well as
magneto-viscous effects have been explored. The influence of typical
irradiation process on the MNPs/ferrofiuids and its impact on the magneto-
optic responses are also highlighted. The whole thesis is comprised of
eight chapters.

Chapter 1 is the introductory part. Properties of magnetic material
system in general as well as characteristic features in the nanoscale range
are discussed in this chapter with relevant references. A preliminary
discussion on synthesis and use of conventional ferrofluids is also
introduced. Towards the end, the objectives of the thesis are highlighted in
sequence.

Typically, the preparation of ferrofluid requires three important
systems: magnetic nanoparticles (MNPs), appropriate surfactant for
coating nanoparticles and a carrier fluid to disperse the nanoparticles. We
have synthesized both conventional and unconventional ferrofluid
systems. The first one is iron oxide (magnetite (Fe30,) based and the

second one is rare earth oxide (gadolinium oxide (Gd,O3) based. Fe304
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MNPs were coated separately with oleic acid (anionic surfactant) énd tetra
methylammonium hydroxide (TMAH, cationic surfactant). The ferrofluids
were prepared from oleic acid coated MNPs and dispersed in different
carrier fluid such as water and kerosene. Similarly, in order to study the
influence of surfactant, different ferrofluids were also synthesized
considering oleic. acid and TMAH coated Fe;Os MNPs in methanol. On the
otherhand, Gd203 MNPs were coated with N-Cetyl/-N,N,N-
trimethylammonium bromide (CTAB, a cationic surfactant) and dispersed
in ethanol so as to prepare a novel ferrofluid. The morphological and
spectroscopic characteristics of the as prepared nanoparticles/ ferrofluids
were studied by various analytical tools: X-ray diffraction, electron
microscopy, dynamic light scattering, Fourier transform infra-red
spectroscopy, electron paramagnetic resonance spectroscopy, Raman
spectroscopy and photoluminescence spectroscopy. In this regard, the
chapter 2 highlights synthesis protocol of the above mentioned ferrofluids
and their characterization features.

The chapter 3 entitled “effect of static magnetic field on ferrofluids®,
describes the variation of optical activity (magneto-optic) and of viscosity
(magneto-viscous) of the prepared ferrofluids in response to a static
magnetic field. Due to the presence of MNPs, ferrofluids show unusual
behaviour in presence of an external magnetic field. In presence of a field,
the particles are expected to align themselves linearly and with increasing
magnetic field, the structure of the particles transform from chain to
bundles of chains due to zippering effect. "*' A custom made set-up
was used to study the magneto-optic effects (Faraday rotation and linear
dichroism) of the ferrofluids. The Faraday rotation of the synthesized
ferrofluidic feature first increases with the field and then tends to saturate
at a relatively higher field strength. This is attributed to the chaining effect
of ferrofluids.!"® In addition to the chaining effect, it was suggested earlier
that, a mechanical torque is also developed between the magnetic
moment of the particle and the applied field.'® The free rotation of the

particles is hindered by this torque and thus viscosity of the ferrofluid
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changes under a static magnetic field.!') We have studied the magneto-
viscous properties of the synthesized ferrofluid with varying magnetic field
strength upto100 G and for different applied shear rate.

As an important technological aspect, energetic ion irradiation
aspects are being used for modification of structural, optical and magnetic
properties of nanoscale materials.'®?” In general, the ions with high
energy (~ MeV regime) could either lead to particle growth or
fragmentation, depending on the host media.?’"*? Whereas, KeV ion
beams are generally used for ion implantation ?*2¥ and creation of point
defects that can segregate to particle interfaces and grain boundaries. The
modification caused by 80-keV Ar ions on the synthesized Fe;04 and
Gd,03 nanoparticle/ ferrofluid systems are presented in chapter 4. The
partial phase transformation of Gd,O3 MNPs from B-type (monoclinic) to
A-type (cubic) system is an important outcome of the low energy ion
impact. In chapter 4, emphasis is also given to the effect in the magneto-
optic responses of the respective ferrofluids.

Apart from charged ion irradiation, y-irradiation could also lead to
the modification of nanomaterial system including structural, optical and
optoelectronic features. ?>?®! The prepared ferrofluids were irradiated with
y-radiation (~1.25 MeV) at UGC-DAE Consortium for Scientific Research,
Kolkata. To be specific, FesQ4 based ferrofluids containing water and
kerosene as carriers were irradiated with five different doses:(32 - 2635
Gy) of y-radiation. A substantial enhancement of the Verdet constant (a
maximum of ~70%) was predicted which was ascribed to the y-irradiation
induced defects as well as to the structural modification (growth of
particles from ~9 nm to ~48 nm). The chapter 5 depicts characteristic
study of the +irradiation induced modification of the ferrofluids and its
impact on magneto-optic responses.

Chapter 6 is based on a comparative analysis of different
irradiation effect on magneto-optic responses of ferrofluids. As discussed
above, both ion irradiation and yirradiation on nanomaterial system could
lead to surface passivation. The ferrofluid properties get modified by the
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creation and annihilation of defects on the MNPs due to irradiation.
Nanoscale defects are created/ annihilated at the cost of energy loss of
the incident radiation. The radiation-matter interaction process is specific
to the type of the radiation and the material surface. Considering different
types of radiation into account, a comparative analysis was done for
Faraday rotation and linear dichroism responses of a given ferrofiuid. The
consequences of the specific radiation on magneto-optic effect of different
ferrofluids (FesO, based systems dispersed in water and kerosene) are
also highlighted in this chapter.

The response of a typical ferrofluid lies on its explicit property of
chain formation of MNPs. The most significant magneto-optic and
magneto-viscous effect of ferrofluid are attributed to chaining effect. There
are plentiful experimental as well as theoretical woks reporting chain
formation of ferrofluids. ?”%! We made an alternative effort to justify the
structure evolution of ferrofluids. in chapter 7 of the thesis, the chain
formation is dealt analytically with the help of dimensional analysis, which
is supported by error calculation. An empirical relation is formulated
between the chain length and different measurable parameters involved in
magneto-optic and magneto-viscous effect. The error/uncertainty creeps
into all experimental data in spite of the adequate care is extended to
calibration and data acquisition process. Based on specification of the
uncertainty in the various primary experimental measurements, Kline and
McClintock proposed a method to estimate the uncertainty in experimental
results.”® This method is adopted to yield the uncertainty in our formulated
relation of chain length. The maximum uncertainty in four sets of data is
found as ~0.015.

Finally, the conclusion and future prospects are highligted in
chapter 8. The important observations, outcomes and limitations are
discussed in this chapter. Moreover, future scope of advanced application

of ferrofluids is also mentioned towards the end of the chapter.
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Introduction

The sudden attraction of the metal tip of the staff by a black stone,
of-an elderly Cretan shepherd named Magnes, in Northern Greece called
Magnesia, about 4,000 years ago,"! has created a revolutionary impact in
the modern world. This is the most popular story behind the discovery of
magnet/ magnetism. Magnes was curious about the force and he dug the
Earth to find the lodestones (load=Ilead or attract). The Greeks or Chinese
were the first to discover the properties of lodestone. Stories of the
magnetic properties of lodestone (magnetite, Fe304) date back to the first
century B.C are found in the writings of Lucretius and Pliny the Elder (23-
79 AD Roman). Then, around the 11th Century, the Chinese invented the
magnetic compass. This invention was timely and allowed navigation at
sea possible. Prior to this, the voyagers were dependent on the sun and
the stars, thus cloudy weather was a great problem. With advent of
widespread applications of magnetic compass, large scale international
trade began to flourish, which was the first step in globalization. The first
scientific report on magnetite was written by a soldier, named Peter
Peregrinus and then Wiliam Gilbert in 1600 who tried to know
experimentally the story behind magrietism. The endless journey of
- magnetism as well as the foundation of modern technology progressed
specially with the important contributions of Hans Christian Oersted (1777-
1851), Michael Faraday (1791 —1867), James Clerk Maxwell (1831-1879),
Pierre Curie (1859 —1906), Pierre-Ernest Weiss (1865 - 1940), Felix Bloch
(1905-1983), Lev Davidovich Landau (1908-1968) and Louis Néel (1904—
2000).

1.1. Macroscopic magnetic phenomena

The magnetic materials are different from non magnetic materials
by their exclusive properties. Magnetism exhibited by a system is basically
due to the orbital and the spin motion of the electrons. Thus, magnetic

properties of a system will be largely dependent on its electronic
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configuration. At high temperature, the spin-alignment of the electrons can
be affected by random thermal motion. Therefore, magnetic behaviour of

most of the systems also depends on working temperature.

1.1.1. Magnetic moment

The fundamental aspect to the magnetic behaviour lies on the
magnetic moments (y;) of a given material system. This vector quantity
quantifies the strength of the internal magnetic field and the impact of an
external magnetic field on it. An electron having an orbital angular

momentum [ is associated with a magnetic moment given by:

py=-—I= pgl (1.1)

2m

where, m is the electron rest mass and y; is called the Bohr magnetron.

The negative sign comes due to the negative charge of electron.

Fig 1.1: Magnetic moment of an electron moving in a circular path of
radius r with velocity v

The projection of the magnetic moment along an applied field along
z direction is:

Wi, =-mypg (1.2)

The angular momentum of an electron arises due to two types of
motion viz. spin and orbital. The magnetic moment associated with the
spin of an electron is called spin magnetic moment. In fact, the electron

spin is an intrinsic, quantum mechanical property which has no classical
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analogue. Typically, magnetic moments (Fig.1.1) due to spin and orbital
motion of an electron are of same order of magnitude. Analogous to orbital

moment, the spin magnetic moment of an electron can be expressed by:

P = -5 5= -pS (1.3)
Similarly, the projection of the spin magnetic moment along an
applied field in the z direction is:
Hs = -Mglp (1.4)
In atoms, magnetism arises due to presence of unpaired
electrons and by virtue of definitie spin-orbit interactions. In a light atom,
the spins interact collectively and so is the case for orbital moments (L-S
coupling). The total orbital angular momentum (L) and spin angular
momentum (§) can be defined as:
L=3% 1, and S=3s; (1.5)
where, the summation extends over all electrons.

The resultant vectors L and S thus formed can be coupled to give

rise to the resultant total angular momenta:
J=L+S, (1.6)
with J can assume values ranging fromJ= (L~ S), (L-S+ 1), to (L
+ 8- 1), (L+S). Such a group of levels is called a multiplet. The spin—

orbit interaction results in a torque and as a result, L and § would precess
around the constant vector J , as shown in Fig.1.2.(a).

In contrast, in heavy atoms, the spin-orbit interaction is stronger
than the spin-spin or orbit-orbit ones. The orbital and spin angular
momenta of each electron i combine to give the individual total angular

momenta (j;). Finally, the weak electrostatic coupling between the j; form

the resultant total angular momentum (J) as shown in Fig:1.2(b):

J=2Ji =il +50) (1.7)
This is known as jj- coupling. Secondly, the magnetic response of a
material system can be determined by its dipole moment, g given by:

I= for COSO= - gipp (1.8)
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S(S+1)-L(L+1)

- 4 3
Here, g, is the Landé g-factor expressed as g; ~ -+ 2/ (J+1)

(a) - (b)

Fig.1.2: Spin-orbit interaction showing (a) L-S coupling and (b)j-j coupling

1.1.2. Magnetization

The response of a magnetic material to an external magnetic field
is described by a vector quantity called magnetization. Classically,
magnetization is defined as the density of the induced magnetic dipole
moment of a material. The net magnetic magnetization results from the
field induced as well as the inherent unbalanced magnetic dipole moment
of a system. If there are total N atoms in unit volume having magnetic

moment p , then total magnetization will be given by:
M =Nu=Ngug (1.9)

1.1.2. The Curie-Weiss law

At a higher temperature, the magnetization of the paramagnetic
material is not directly proportional to the applied field. Curie encapsulated
that, at a fixed field (H), the magnetization is inversely proportional to the
temperature (7):
(1.10)

X

Il

o
~Nlx
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Here, C is a material specific constant called Curie constant. The

susceptibility of the magnetic material is defined as:

=M_c
x=1=: (1.11)

This relation is knows as Curie’s law.

The ferromagnetic materials (magnetically ordered state) are
characterized by spontaneous magnetization which arises due to the
quantum-mechanical exchange interaction of the atomic spins. The
spontaneous magnetization vanishes at temperature higher than the Curie
temperature (7,) and the system goes to paramagnetic phase. Below T,
the material is in ordered state. Paramagnetic phase is associated with
randomly oriented magnetic moment. The Curie-Weiss law describes the
magnetic susceptibility of a ferromagnetic specimen above T,. It can be

expressed as:

(1.12)

1.2. Nanoscale magnetic materials and its characteristic property

Recently, research and development of nano dimensional materials
(10-100 nm) has received a great deal of interest owing to better means of
processability, control, ability and applicability in various fields starting

23] [4.5) 671 information and

from medicine,”™ energy,”> semiconductor industry,
communication®® to consumer goods.!">'"" Credit also goes to magnetic
nanomaterial for their great contribution in the glorious journey of
nanotechnology. The magnetic materials also exhibit tunable properties as
the size is reduced to a few atomic clusters. The physical properties
become more interesting and extrinsic; due to carrier confinement and
quantum size effect. '**®! The science and technology of nanomagnetism
is comparatively a new revolution, however the evidence of

nanomagnetism is much older than human civilization itself. The oldest
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paradigm of such evidence was found in a magnetoaerotactic bacterium
called magnetospirillium magneticum whose age is about two billion

years.['617]

The bacterium can grow its magnetic particles (upto
nanoscale) inside, to passively orient itself in the Earth’'s magnetic field.
They swim towards food in mud by naturally guiding process of orienting
themselves through their magnetic property. Magnetic nanoparticle (MNP)
is also found in some other living bodies like insects and birds."® MNPs
present in many rocks and soils also allow the study of the evolution of the

Earth’s magnetism and prediction of the age."”!

Properties of nanostructured magnetic materials

He

Tsingledonlq_ig_m . multidomain
|

| f N U H

2-10nm D particle size

|

Fig.1.3: Magnetic properties of nanostructured system

Basically, the magnetic nanomaterials differ from their bulk
counterparts in many aspects with dimensions comparable to
characteristic lengths, such as the limiting size of magnetic domains;
broken translation symmetry, with broken exchange bonds and frustration;
higher proportion of surface or interface atoms; presence of defects etc.*”!
In general, MNPs are in close contact with other physical substances like
capping layer, supporting substrate and encapsulating media
(matrices).?'?? As a result, their magnetic responses are influenced by
these environments. Not only the static properties (e.g. magnetic moment),

the dynamic properties (e.g. dynamic susceptibility) also vary in case of
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nanomagnetic materials with respect to macroscopic systems.?®? In
lower grained size system, time and temperature dependent effects have
acquired much importance in recent times.” The phenomenon of
superparamagnetism is observed in magnetic nanoparticles if the thermal
energy kT (kg:Boltzmann's constant, T: absolute temperature) is of the
same order-of-magnitude of the anisotropy energy of the particles, leading

to an effectively zero magnetic moment.

(i) Dimensions and characteristic lengths

There exists a length scale at which materials would exhibit well
defined magnetic behaviour. Typically, any observable magnetic response
is dependent on the electronic structure of the system of interest. The
length scale associated with the microstructure of a polycrystalline material
or a composite is an obvious evidence of characteristics length. Due to the
slow spatial variation on the scale of the grains of a polycrystalline
material, the expression M=M(H) gives adequate information of the
responses of the material to an applied field. Here, the magnetization M
and field strength H take the average values, calculated over a large
volume on the scale of characteristic length. Generally, the length scales
are of the order of 10-100 nm. Thus the size regime of characteristics
lengths is comparable to nanomaterial system. Some examples of the
typical characteristic lengths are given in table 1.1. 2®

The effect of the characteristic lengths on the magnetic properties is
the case of magnetic particles with dimensions smaller than the critical
magnetic (single-) domain diameter. In bulk material, more than one
domains are packed together [shown schematically in Fig. 1.4 (a)] to
minimize the magnetostatic energy of the material. These domain
structures are responsible for definite magnetic response of ferromagnetic
materials. By lowering down particle dimension, a drastic change in the
domain structure occurs. As the particle size decreases, energy of domain

wall formation gets enhanced and overcomes the energy due to domain
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Table 1.1: Characteristic lengths with symbol and typical magnitude

Length

Interatomic distance
(for Fe)

Range of exchange
interaction

Domain size
Superparamagnetic
critical diameter
Critical single-domain
size

Domain wall width
Exchange length
Spin diffusion length

Electron mean free path

(a)

—

Symbol

dq

(b)

Typical
magnitude (nm)
25x 10"

~107" - ~1

10-10*
~1 - ~10?

~10 - ~10°3

~1- ~10?
~1- ~10?
~10-10?
~1-10?

Fig 1.4: Schematic diagram of (a): multi domain and (b): single domain

magnetic structure
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formation. Below the critical length (d;), energy consideration does not
support the formation of domain wall and particles can exist with single
domain structure. In nano sized particles, the exchange length of the

domains converge resulting in single domains [Fig. 1.4(b)].%®

(ii) Broken Translational symmetry

Generally, crystal structures are associated with symmetry
elements. Point symmetry, translational symmetry and rotational symmetry
are few examples of crystal symmetry elements. At the edges, the crystal
system has to sacrifice its translational symmetry. In nano dimension,
most of the atoms are found in the surface. This leads to a considerable
lost or broken up of translation symmetry in nanoparticles. It is considered
that the surface of nano material, with broken symmetry, is the most
fascinating playground in the age of nanotechnology.?”! The changes in
physical, magnetic properties viz. density of states (DoS), magnetic
moment [according to the dimensionality of the sample (0D, 1D or 2D)] are
considered as important aspects of the broken symmetry. The drastic
change of electron DoS, from continuous state to discrete lines (for bulk
and 0D respectively) is related with broken symmetry of nanomatter.
Magnetic property such as the Pauli’'s susceptibility (yp) is a direct
measurement of DoS of a free electron gas at the Fermi energy (highest
occupies quantum state at absolute zero). ® it is expressed as:

Xp = HotgD(Ef) (1.13)
where, u, is the permeability of free space, ug is the Bohr magnetron and
D(Er) is the density of state at Fermi energy.

Another significant outcome of the symmetry breaking in nano
regime is the change of the coordination of atoms at the interface. The
atoms at the surface has less coordination number than the interior atoms.
The reduced coordination number of the particles influences both atomic

and electronic structure of the particle. Thus the electronic, optical and
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magnetic properties of the nanomaterials are no longer same as their buik

counterparts. %

(iii) The exchange interaction

The long range spin ordering over macroscopic distances are
determined by the spin-spin exchange interaction. The quantum
mechanical origin depicts the Coulomb coupling between the electrons
orbit for the exchange interaction. It also follows Pauli exclusion principle.
From the Heisenberg model,®® the interaction energy between two

localized spins s; and s; can be described by a potential energy of the

form:

Vy = —2Js;.s; (1.14)
here, J is a quantum mechanical exchange integral. For a ferromagnetic
material, J is positive. In semi classical approach, spin matrices are
replaced by classical spin angular momentum vectors. It is also assumed
that only interactions between nearest neighbour spins are important.
Summing over the various lattice sites, the Heisenberg interaction may be
expressed in a Taylor series in terms of the gradient of
magnetization m (r) = M(r)/ M, giving the expression for exchange
energy density:ml

Eoy = A(Vm)? = A[(Ym;)? + (Vmy)? + (Vm3)?] (1.15)
where, A is a constant specific for a given material system, called
exchange stiffness constant. In general, A is temperature dependent. The
above equation describes the change in energy for any deviations from
collinear structure of magnetic moments. It does not depend on the
magnetization direction and hence isotropic. In nanostructured material,
close contacts between two ferromagnetic structures like nanograins or
different layers of a thin film multi layer, either directly or through an
interposed nonmagnetic body; are very common. These structures can be

coupled via the exchange interaction. The interface energy density due to

10
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this type of interaction can be expressed from the generalized Heisenberg
interaction:®"

Emt = Cbl(1 -—my -mZ) + qu [1 - (ml-mz)z] (1 16)
Here, m, and m, are the magnetization vectors at the interface, C,, and

Cpq are the bilinear and biquadratic coupling constant; respectively.

(iv) Magnetic anisotropy

In a magnetic system, there are always some energetically
favoured, definite spatial directions owing to anisotropy effects. In the
magnetization process, the work done to bring a ferromagnetic system
from a demagnetized state to an ordered magnetic state is stored as
potential energy, called the magnetic anisotropy (free) energy. The
anisotropy energy is expressed as a volume integral (extended over the
magnetic body) of an anisotropy energy density (w, ):*?

E,=[w, dV (1.17)

The anisotropy energy density (w,) term possesses crystal system-
specific expressions.

This anisotropy strongly depends on the direction of magnetization
relative to the structural axes of the material. The directions along which

the magnetization energy is minimum are called easy magnetization axes.

Crystal anisotropy

Crystal anisotropy is inherent to material system. Crystal symmetry
and arrangement of the atoms in the crystal lattice could affect the crystal
anisotropy. This anisotropy results from the combined action of spin-orbit
and lattice-orbit coupling. %

The anisotropy energy density can be expressed as a function of
the direction cosines of the magnetization vector with respect to crystal
axes. In a system of cubic symmetry, the anisotropy energy density is
expressed as:

Emea = Ko+ Ky(m?m2 + mZm2 + m2m2) + Kymimim3  (1.18)

11
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The suffices 1, 2, 3 refer to the cubic axes and K; are anisotropy

constants. In polar co-ordinates the equation becomes
Epca = (K1 + K, sin?29) cos* 9 sin? ¢ cos? ¢
+K, sin? 9 cos? 9 (1.19)
The anisotropy constants are material specific and their values

decreases rapidly with increasing order.

Surface anisotropy
Owing to the large surface to volume ratio, low-dimensional materials
experience a lower symmetry environment with respect to bulk material. In
that case, surface magnetization would contribute to the anisotropy
energy. Following Néel's pair interaction model, the surface anisotropy
energy density for a structurally isotropic crystal can be expressed as:¥
Es =K [1—- (m.n)?) (1.20)
where n is the normal to the surface and K, is a constant.
Exchange anisotropy
In general, the hysteresis loop of a non uniform system (eg. a
system of ferromagnetic and antiferromagnetic medium), shifts along the
field axis.*> % This type of shifting is due to the exchange anisotropy.
The exchange anisotropy is an interfacial effect.
This type of exchange anisotropy has a great technological

(37

advantage. It is mainly used in magnetic recording media, giant

magneto-resistance (GMR)"*¥ at low saturation field etc.

(v) Dipolar interaction
Magnetic body produces a field by itself or by different
macroscopic regions of the body. Conveniently, this type of field is termed
as stray-field (Hy). Long range magnetic dipolar interaction contributes
magnetic free energy to such field. By definition % stray field is the
magnetostatic field generated by the divergence of the magnetization:
VH; = VM (1.21)

12
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Free magnetic charges can be considered at the origin of the stray
field. The stray field energy (Ey) is the potential energy of the magnetic
moment in the field (produced by the sample itself), which can be
expressed as an integral over the volume of the body:

Eqg=u [, Hydv = —p Jyoay Ha-Mav (1.22)
with 4 as the permeability of the vacuum. The first integral expends over
the whole space. The above equation can be solved by considering the
magnetic scalar potential (). The demagnetizing field (field inside a
magnetic material) is related with the magnetic scalar potential by the
relation:

Hy= -Vy : (1.23)

The nanostructured materials come with different shapes: rods,
cylinders etc. In such case, the demagnetizing factors have to be
approximated for each arbitrary shape. Though the magnetization is
uniform throughout the body, the demagnetization field varies from point to

point within the body.

(vi) Magneto-elastic interaction

When a magnetic material undergoes a magnetic interaction, in
order to minimize its energy, it deforms spontaneously. The property of a
magnetic material that its physical dimension changes in response to
modification in its magnetization is called magnetostriction. External
stimuli induced deformation in turn makes certain direction energetically
favourable for the magnetization to align with them. Both the stray field
energy and the exchange interaction energy are affected by the
deformation. The changes occur in stray field energy by deformation is
manifested as form effect of magnetostriction and that of exchange
interaction energy as volume magnetostriction. The dependence of the
magnetic property of a system on a preferred direction is called

anisotropy. The spin —orbit interaction and the overlap in wavefunctions

13
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between neighbouring atoms are responsible for the magneto-elastic or
magnetostrictive anisotropy.

In a uniformly magnetized crystal system of cubic symmetry, the
magneto-elastic interaction energy density may be expressed as:“’!

Eme (Mi, &) = By ¥ &(m? — ;) + By Lizjmimyg;  (1.24)
here, E;; is the crystal strain tensor (i, /= x, y, z), m, is the direction cosine
of M with respect to the cubic cell edges, B;and B, are the magneto-elastic
coupling constants.

In nanomaterials, the large surface atoms have great influence on
the magnetostriction coefficients like other energy density terms (surface
anisotropy)." In multilayer systems with varying thicknesses, two different
regimes namely, coherent and incoherent can be considered.*d In
coherent regime, lattice mismatch is compensated by the tensile strain
(appendix 1) in one layer and a corresponding compressive strain
(appendix 1) in the adjacent layer. The effective magnetostriction constant

depends on the thickness of the concerning layer.

1.3. Magnetic fiuid (ferrofiuid)

The quest for a magnetic liquid, which can be controlled by an
external magnetic field, had been one of the major problems in the
scientific community since long back. The first attempt was made by Dr.
Gowan Knight In 1779."% He tried to suspend some iron fillings in water.
But sedimentation of the filings marked the failure of his attempt. The
ferromagnetic material also cannot fulfill the requirement of magnetic liquid
as their Curie temperature is well below the melting point. This type of
materials no longer shows ferromagnetism in their melted form. After that
the liquid metals gave some ray of hope. In such system, an electric
current is applied and the Lorentz forces in strong magnetic field can be
used to control the flow of it.“*! But this concept was also discarded from

the technological and application point of view; as only extremeiy high

14
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magnetic field can significantly change the flow of the liquid metal."*!

The malfunction of these entire attempt, gives the hint that only the
magnetic body force (Kelvin force) can solve the problem of magnetic
control of liquid flow.*® For a magnetisable material with susceptibility
proportional to the density, the Kelvin force is expressed as:

Fe= p [ MVH dV (1.25)
here, M is the magnetization of the material, VH is the magnetic field
gradient and y_is the permeability of the vacuum. The integration is carried
over the entire volume of the sample. Now the problem is that to make the
real use of magnetic body forces, a liquid is required with high
magnetization even for small magnetic field strength. However, all the
problems were well taken by S. Papell.*® He succeeded in this long
journey on producing stable colloidal solution of magnetic nanoparticles in
appropriate carrier fluid. This type of fluid is commonly termed as

ferrofluid.

1.3.1. Stability of ferrofluid
Basically, FF is a colloidal solution of magnetic nanoparticles in an
appropriate carrier fluid. For various application purposes, the particles
. must remain suspended. In other words, stability is the key factor for
technological relevance. In a FF, the dispersed particles are in Brownian
motion. Their thermal energy plays a major role in the stability factor. In
order to get a stable suspension the thermal energy E; = kzT of the
particles must be high enough so that the particles remain dispersed in the
fluid. In a region of magnetic field gradient, the stability of the ferrofluid will
be maintained if the dispersed particles can move freely between a region
of strong magnetic field and a field free region. The energy of the
dispersed particles in the magnetic field region is given by: 17l
|Eyl = pmH (1.26)
with m being the magnetic moment of the particles. If the spontaneous

magnetization of the particles is expressed by M and considering the

15
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particles to be spherical with a diameter d, the magnetic moment will be
given by:
m= M=zd? (1.27)
Therefore, the necessary condition for a stable suspension in a
magnetic field gradient is £, > E, and thus,
keT >uM =d*H (1.28)
This implies the critical size of the particles to be remained

suspended in the carrier fluid in the magnetic field gradient as:

1

d < ( SksT )5 (1.29)

U MmH

Agglomeration is- another point to be considered for a stable
ferrofluid. In spite of keeping the size of the particles within the maximum
limit, the stability of the FF may be hindered by agglomeration of the
particles. Agglomeration increases the active diameters of the particles,
thus, causing a destabilization of the fluid by suspension. The magnetic
dipole-dipole interaction is the leading force for this type of agglomeration.
Again, the counteracting influence of the dipole-dipole interaction is the
imbalance in the thermal motion of the particles. So, as for stability
argument, the magnetic dipole interaction energy has to be compared with

the thermal energy of the interacting particles. *® This gives:
pu, m?
2kgT > Py (1.30)

with r as the distance between the two interacting magnetic particles.
Now, assuming that the magnetic moments of the particles to be parallel
and it aligns with the connecting vector of the interacting particles™*® (Fig.
1.5) we get:

2 2
2kpT > I 4

9 (1+2)3

(1.31)

here, the distance ris replaced by the sum of the diameters of the

16
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particles d and their surface to surface distance § and it is considered that

28
=2
d

The FF with uncovered magnetic particles is not stable enough
despite of satisfying all requisite conditions that make-up the fluid. The
attractive interaction due to van der Waals interaction is very strong in the
FF which leads to coagulation of the particles. The van der Waals
interaction energy for spherical particles with diameter d and separated by

a distance & can be written as:“®

Eyaw | =4[+ =+ In ()] (1.32)

12441 (142)2 (1+2)2

Here, A is the Hamaker constant.[®

.imagpnefic:-moment

Fig.1.5: Schematic diagram for calculation of magnetic dipole-dipole
interaction between two particles in a ferrofluid

To get rid of this problem, the dispersed MNPs have to be coated
with a surfactant so that colloidal stability ensures the overall stability of
the ferrofluid. Papell *®! was the first to obtain a stable FF anchored in
stearic media. Long chained surfactant molecules were used to get the
appropriate steric repulsion. When the particles distance is smaller than
two times the thickness of the surfactant layer, it becomes difficult for the
surfactant molecules to arrange themselves into a structure. Ultimately,
the surfactant molecules’exert repulsive interaction energy. For spherical

particles, the repulsive interaction energy is of the form,“®!
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KgTnd? 142 !
Egteric = =5 Z {[2 -=In ('1331.72) _'] (1.33)

2 t t

where, { denotes the surface density of the surfactant molecules. The
surfactant thickness, t = 2s/d with s the thickness of the surfactant layer is
normalised to one. Now-a-days, people often prefer this method (steric
repulsion) to get a high quality ferrofluid with stable suspension. In
general, the MNPs are coated with single layer of surfactant if the carrier
fluid is a non-polar solvent (e.g. kerosene). Otherwise, in case of polar
solvent (e.g. water) the particles have to be coated with a double layer of
surfactant. The role of surfactant on MNP has also created a new field of
research. Regmi et al.®% studied the effect of different fatty acid based
surfactants on preparing ferrofluids and its impact on hyperthermia. The
excess amount of surfactant is also found to be harmful for maintaining
the stability of FFs.P!%%

' There is another type of FF, where stability against agglomeration
of the colloidal system is attained. by charging the dispersed MNPs
electrically. This type of FF is called ionic ferrofluid. In an ionic ferrofluid,
an acid-alkaline reaction between the previously prepared MNPs and the
carrier, generates charges on the surface of the nanoparticles.® Particles
are charged by transferring protons (H*) either out from the nanoparticle
surface or back to the grains from the acid solvent. pH is also a crucial
point in ionic FF. Positively charged MNPs are able to form stable colloids
in acidic medium (pH< 6) and negatively charged particles yield stable FF
in basic medium (pH> 6).5Y As a consequence of the absence of any
protecting layer (surfactant coating), ionic FFs are prone to cluster
formation in presence of an external field.®® In recent years some different
FFs, which are ultrastable and often biocompatible, have been developed

using a combination of both ionic and surfactant coating methods.[°¢>"]

1.3.2. Magnetic properties of ferrofiuids

The importance of FFs in both the fields of fundamental research
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as well as technology cradles high mainly because of the control on its
flow and unusual physical properties induced by an applied magnetic field.
The magnetic properties of the FFs in response to external stimuli could

bring in new insights for the cause of technological benefit.

(i) Equilibrium magnetization

In general, FF systems are stable colloids in nature, where non
interacting spherical particles are suspended. In this regard, the magnetic
properties of the FF resembles with non interacting thermally agitated.
magnetic dipoles. More precisely, FF system can be considered as a
paramagnetic system. The magnetization of the fluid follows Langevin

equation, described as:
M = Mg (cotha ) (1.34)

/,t"mH
Y

here, the saturation magnetization: (Ms) is defined as M; = ¢M_ with ¢
being the volume concentration of the magnetic component and M as the
spontaneous magnetization of the fluid. For small values of the energy

ratio (a), the Langevin function can be approximated as Lg = ga. So the

magnetization of given FF in a small applied field is:

Mg u"mH
M~ 3 kBT
= XinH (1.35)
with initial susceptibility as:
Mg HM
Xin =5 7 (1.36)

In FF system, the initial susceptibility is much higher than a
paramagnetic system due to the large magnetic moment (m) interacting
with the field in the former case.

The magnetization (My) of the fluid along with the eq. (1.34) and

(1.36) also provides information regarding the microstructure of the fluid.
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In case of very high field, the function cotha tends to 1 and the eq.(1.34)
can be expressed as:

Mpoay = Ms — =2 (1.37)
The graph between M versus % and extrapolating %= 0, gives us

the value of Ms. Once this value is known, the initial susceptibility eq.

(1.36) gives the value of mean diameter of the MNPs.

(if) Relaxation of magnetization

Since its inception, the ferrofluid-hydrodynamics is found to be
imperative for the complete understanding of many amazing phenomena
(eg., shear thinning, field driven instability etc.).[58'59'6°] The hydrodynamic
theory was derived by Shliomis ®" and it was based on two essential
consideration i.e., relaxation of magnetization M and a torque in the stress
tensor. In general, the responses of the magnetization of the FFs, to an
applied field, are of two types. In one type, the magnetic moment is fixed
with respect to the crystal structure whereas, in the other type it is not fixed
with the crystal structure. Conventionally, the particles possess with the
first type of relaxation magnetization are called the magnetic hard particles
and the other type is the magnetic weak particles. The relaxation of the
magnetization bf the magnetically hard particles occurs through the
rotation of the particles as a whole (Brownian type). On the other hand, the
weak particles relax by rotation of the magnetic moment within the
particles (Neel type). The thermal energy plays a major role in
magnetically weak particles. In actual sense, the excess thermal energy,
which is high enough to overcome the crystal anisotropy generated energy
barrier, guides the weak particles to relax by a relative rotational motion
inside the particles with respect to the crystal structure. Both the relaxation
processes are considered with respective characteristic relaxation time.
The hard magnetic particles possess the characteristic Brownian

relaxation time expressed as: (62!
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3n¥v

o (1.38)

Tp =

where I/ takes the volume of the MNP along with the surfactant layer and
7 is the dynamic viscosity of the fluid.

Similarly, Néel relaxation time is the characteristic relaxation time
for the magnetically weak particles. The expression for the Néel relaxation
time is: ©3

Ty = f7F expl:%r (1.39)

This relaxation time is a function of the anisotropy constant K, the
Larmour frequency f, the volume of the magnetic core V and the thermal
energy kgT. '

A FF with monodisperse dispersion follows the relaxation process
with shorter time. The size of the dispersed particles influences greatly the
preferred relaxation time of any FF. The Brownian relaxation time depends
linearly on the particles size while the Néel relaxation time changes
exponentially with the size of the particles. Thus, smaller particles relax

through 1, with smaller time. At a critical diameter, particles alter its
relaxation time from 7y to Tp. Near the critical diameter, the particle
relaxation time is neither 7y nor Tg, rather it follows a combined

relaxation time as:[®4

Topp = 202 (1.40)

INtTTE

1.4. An overview of ferrofluid synthesis and application

From its invention till date, people have reported various kinds of
FFs. Popell *?! started the new era of FF with a magnetite (Fes0,) based
FF. Since then, Fe3O4 is being considered as one of prime component
(MNP) for preparing FF. Different synthesis techniques have been
employed to prepare Fez04 based FFs. The most widely-used synthesis

procedure is the synthesis of Fe3O4 nanoparticles by co-precipitation
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methods and subsequent dispersion in an appropriate carrier fluid. ©>5°
People also follow other wet-chemical methods for synthesizing FFs.
Reverse micelle is one such easy, cost effective method adopted for FF
synthesis. Ervithayasuporn et al have reported the one-pot synthesis of
core-shell type nanoparticle based FF in poly (organosilsesquioxane) via
reverse micelle route."” There are also reports of different FF systems
(other than Fe;04). Maghemite (y-FezOs), another type of iron oxide, is
also extensively used for ferrofluid synthesis.m’m Further, top-down
approach has been opted to produce FFs. This method is preferable for
high quality MNPs with minimal impurity (as byproduct). Yang et al has
reported solid state synthesis of iron oxide based FF which was suitable
for magnetic resonance imaging contrast application.”* FFs have been
prepared synthesizing iron oxide powders by ball milling 757% followed by
subsequent dispersion in the carrier fluid.

The magnetization of a FF strongly depends on temperature. In
presence of a non-uniform magnetic field, along with a temperature
gradient, the viscosity of the fluid undergoes inhomogeneous distribution.
To make a temperature sensitive FF for thermo-magnetic energy
conversion is still a topic of current interest. Ferrite based ferrofluid e.g.
Mny_Zn,Fe 04 (with x varying from 0.1 to 0.5) fulfills the requirement of a
thermo-magnetic energy converter.’”’! Co-ferrite (CoFe,04) FF tailors the
enhancement of magnetocrystalline anisotropy upto 380 kJ/m®. '8 FF
having Ba-ferrite as dispersed nanoparticles, is also being used in
technological application for its enhanced anisotropy barrier and heating
effect in an ac magnetic field.[®

In recent times, magnetic fluids/ferrofliuids are extensively used in
targeted drug experiments.®®% Thus, FF extends its helping hand in
therapeutics especially, in curing cancer patients. Magnetic fluid
hyperthermia (MFH) is an advanced treatment that destroys cancer cells
by heating a FF-impregnated malignant tissue with an ac magnetic field.

The minimal damage caused to the surrounding healthy tissue is the main
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advantage of MFH. 488 The magnetic control of FF gives a new direction
to magneto-sealing application.®” 88 Air cooled FF seal is also being used
in X-ray tube.® The smart material FF has also been used in Bragg
grating. It was reported that the spectral response of the grating reflector
inscribed in a microstructured optical fibre has been modified by the
application of an a FF.®% Optofluidic in-fibre magnetometer, based on a
microstructured optical fibre Bragg grating which has been infiltrated
using a ferrofluid can measure static magnetic field in the range 740-2200
Gauss.®! Ferrofluid based dynamic plug is being used as valve and
actuator for aqueous fluid expansion.®? In the field of food research, FF is
used to modify catalytic activity. FF based biocatalysts are useful for its
inexpensive, non toxic and magnetically responsive properties.ml Besides
its proven applications, research is still open with respect to various
aspects of magnetic field orientated structures.®® ! To add, some of the
fascinating areas of research are magnetic active core and hydrodynamic

[96]

diameters of MNPs dispersed in FFs, magnetic field depended

viscosity®" %! etc.

1.5. Objective of the thesis

This thesis highlights synthesis and characterization of different
ferrofluids along with their application in various magneto-optic fields.
Special emphasis was given to prepare both conventional and non
conventional system based FFs. The selection of an appropriate
surfactant as well as carrier is very crucial for a stable FF. Thus, it is also
intended to synthesize FF with different types of surfactant-coated
nanoparticles and dispersed in diverse carrier fluids. To study
morphological, chemical and structural aspects, the synthesized
nanoparticles and FFs were characterized by different microscopic and
spectroscopic analytical tools: X-ray diffraction, electron microscopy,

dynamic light scattering, Fourier transform infra-red spectroscopy, electron
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paramagnetic resonance spectroscopy, Raman spectroscopy and photo
luminescence spectroscopy.

A FF behaves as a normal liquid in absence of any magnetic
stimulus. But the application of an external magnetic field transforms it to a
magnetic fluid which is then capable of exhibiting magneto-optic and
magneto-viscous effects. To be specific, magneto-optic responses viz.
Faraday rotation (FR) and linear dichroism (LD) of the as prepared FFs
were studied in a custom made experimental set-up. The magneto-
viscous/rheological study was also performed under selective shear flow
conditions.

Energetic ion/photon irradiation is a latest topic of interest in
advanced nanoscience and technology. Two types of irradiations, namely,
low energy (~keV regime) ion irradiation and gamma (y)-irradiation were
considered to irradiate the synthesized nanoparticles/FFs. The
subsequent modifications in structural and morphological aspects as well
as in magneto-optic responses are presentéd. A FF undergoes different
phases of structural evolution from linear chains to bundles of zipped
chains in presence of a magnetic field. Towards the end of the study, it is

endeavoured to calculate the length of the linear chains in ferrofluids.
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2.1. Ferrofluids based on different kinds of MNPs, surfactant and

carrier fluids

Ferrofluid (FF) synthesis is a two step process. First, magnetic
nanoparticles of desired dimension are 'to be synthesized and then, they
need to be dispersed in an appropriate carrier fluid. Typically, stable
suspensions of magnetic particles in carrier liquids like oil, water or
kerosene are desired. To overcome the problem of agglomeration, the
particles are coated with a surfactant, made of long-chained molecules
chosen in such a way that their dielectric properties match those of the
carrier liquid.

The typical thickness of a surfactant layer is about 2-3 nm. This
facilitates hydrodynamic interaction with the suspended particles and
consequently, on the flow of the carrier liquid. Surfactants used in different
FF systems are organic compounds having hydrophobic groups (tails) and
hydrophilic groups (heads). A surfactant can be categorized by the
presence of formally charged groups in its head as anionic, cationic,
zwiltterionic and non-ionic surfactant. As the name suggests, the head
group of an anionic surfactant is negatively charged and that of a cationic
surfactant is positively charged whereas, a surfactant having both positive
and negative heads is termed as zwitterionic. The head group of a non-

jonic surfactant is chargeless.

head tail

O NN\
A NN

@/\@/\/\/\
NN\

Fig. 2.1: Schematic diagram of (top to bottom): anionic, cationic,
zwitterionic and non ionic surfactants
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We have synthesized different types of FFs using various kinds of

surfactant, carrier fluid and MNPs as described below.

2.1.1. Synthesis of magnetite (Fe;04) based ferrofluids (with different

carrier fluid)
(i) Materials

Magnetite

Fig. 2.2: Unit cell of magnetite with red, blue and white atom as
Fe?*, Fe** and O respectively

Magnetite is very common among other oxides (eg. maghemite,
hematite etc.) of iron. Magnetite crystallizes in inverse spinel structure
above 120 K. The inverse spinel structure consists of a cubic close-
packed arrangement. The unit cell of Fe3O4 contains 32 anions, among
them Fe?* ions occupy 1/4 of the octahedral sites, and the Fe3* ions are
divided equally between 1/8 of the tetrahedral sites and 1/4 of the
octahedral sites. Electron spins of iron (lll) ions in octahedral sites are
aligned anti-parallel to those in tetrahedral holes; resulting no net
magnetization from these ions. The iron (ll) ions, however, tend to align
their spins parallel with those of iron (lll) ions in adjacent octahedral sites,

leading to a net magnetization. The reported value of saturation
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magnetization of bulk magnetite is ~ 475 kA/m which reduces with

decrease of size.['

Oleic acid

OH

X CHy

Fig. 2.3: Chemical structure of oleic acid

Oleic acid is a monosaturated omega- 9 fatty acid. The molecular
formula of oleic acid is C43H3,0,. It is an anionic surfactant. lts carboxylic
group (-COOH), the head group of oleic acid is exposed to the
droplets of surrounding solution forming a binding or a coating layer of
surfactant. The physical and chemical properties of oleic acid are detailed

in appendix Il.

Kerosene

It is a combustible hydrocarbon fuel. it is widely used in jet-
engined aircraft and some rockets as fuel power. It is obtained from
the fractional distillation of petroleum at a temperature between 150°C and
275°C and has a density in the range of 0.78-0.81 g/cm®. Typically, the
carbon chains of kerosene are mixed-chains with carbon atoms varying

between 6 and 16 per molecule.P!

Milli- Q water

It refers to ultra-pure, deionized water. Milli-Q water is free from
ions, salts and minerals which are generally abundant in ordinary water.
Milli-Q water has been purified and filtered by reverse osmosis process.

The purity of such water is scaled in terms of resistivity. Resistance of
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value 18 MQ cm™ is generally desirable. Higher the resistivity, higher is its

purity.

(ii) Magnetite (Fe30,4) nanoparticles

We have synthesized Fe;O4 nanoparticles by a co-precipitation
method following ref [4] except considering extra accumulation of
surfactants into account. At constant stirring (~200 rpm), FeCl; and FeCl,
(in the molar ratio Fe*¥Fe*3=0.5) were transferred simultaneously to a
conical flask containing 25 ml of 0.4 N HCIL. Then, 200ul of oleic acid
(C18H3402, 99% pure, Otto) was mixed with 3 ml of AR-grade acetone and
then transferred to the above precursor. The resulting solution was added
drop-wise to 250 ml of 1.5N NaOH solution under vigorous stirring. To
facilitate the reaction, 100 pl of oleic acid, was added in steps, in 10 min
interval. This has resulted in a dark black colouration. In the precursor,
the nanoparticle growth was allowed to proceed for 30 min at RT and
under constant stirring. Finally, upon cooling down to RT and by
performing repeated washing, centrifugation and decantation; we could

obtain impurity free single layer surfactant coated magnetite nanopowders.

(iii) Magnetite-based ferrofluid with kerosene as carrier

In order to prepare a suitable FF, ~ 7 g of single layer oleic acid
coated Fe3;O, nanoparticles were added to 40 ml! of kerosene under
vigorous stirring at 60°C, for 1h. This has resulted in a stable colloidal
solution (ferrofluid). The prepared FF is labelled as FFK.

(iv) Magnetite-based ferrofluid with water as carrier

To make Fe3zO4 based FF with water as a carrier, the magnetic
nanoparticles (MNPs) were to be doubly coated by the surfactant. We
have taken ~2 g of oleic acid coated MNPs and added to 40 ml of milli-Q

water and then heated to 60°C under vigorous stirring, for 1h.
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Simuitaneously, a separate solution of oleic acid, milli-Q water and a few
drops of NH,OH was prepared and added to it which yields a stable
solution of pH=10.2. The final concentration is ~17.5 % (wt/vol). The as-

received product was our required FF labelled as FFW.

2.1.2. Synthesis of magnetite- based FF with methanol as carrier (for

varying surfactants)
(i) Materials

Two kinds of FFs with methanol as carrier fluid were synthesized.
The Fe30s MNPs used were coated with different surfactants. Two
surfactants were considered in the synthesis process, namely oleic acid

and tetra methyl ammonium hydroxide.

Tetra methyl ammonium hydroxide

Tetra methylammonium hydroxide (TMAH or TMAOH) is a
quaternary ammonium salt. Its molecular formula is (CH3)sNOH. Due to its
cationic head group, it comes under cationic surfactants. It is widely used
in integrated circuits, liquid crystal displays, printed circuit
boards, capacitors, sensors, and many other electronic components as

developer and cleaner agent. Its properties are given in appendix II.

OH" (|3H3
(EN"/
HsC™ \ “CH,

CH,

Fig. 2.4: Chemical structure of TMAH

Methanol (CHs;0OH)

Now-a-days, methanol fuel is used in speedy bike and racing cars.

This fuel has low danger level of firing in contrast to petroleum based fuel.
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Along with this, methanol based ferrofluid product e.g. bearing, loud
speaker cooling device in music system, etc. might extend their hand in

this regard. The detail properties of methanol are given in appendix Il.

|
H—(IZ—OH
H

Fig. 2.5: Chemical structure of methanol

(ii) FF-synthesis procedure

For the synthesis of FFs, first FesO; MNPs were synthesized by a
co-precipitation method as mentioned earlier with some modification. First,
FeCl; and FeCl, were taken in the molar ratio Fe*’/Fe*®=0.5 and then
added simultaneously to the 25 m| of 0.4 N HCI solution with vigorous
stirring (=300 rpm). The resulting solution was added drop wise to 250 ml
of 1.5 N NaOH solution under magnetic stirring. The pH of the solution
was maintained at 12. This has resulted in a dark black precipitate.
Repeated washing, centrifugation and decantation of the resulting
precipitate have provided us with an impurity free magnetite sample. Then

0.01 N HCI was added to the purified particles to stop further oxidation.™

In order to prepare FFs, the MNPs sample was divided into two
equal parts and each part was coated with surfactant layer as described in
ref [5]. Anionic surfactant oleic acid [C1gH3402, 99% pure, Otto] and a
cationic  surfactant tetra-methyl ammonium  hydroxide [TMAH
((CH3)sNOH), CDHY], were used for coating purposes. A few drops (approx.
400 pl) of each of the surfactants were added to each part of the specimen
separately under vigorous stirring environment. The surfactant coated
particles were finally added to AR-grade methanol resulting in FFs. The

concentration of the final FFs was ~ 6.6 % (wt/vol).
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The as-prepared FFs containing TMAH and oleic acid coated

particles were labelled as FF1, FF2 respectively.

2.1.3. Synthesis of gadolinium oxide (Gd,0;) based ferrofluids

(i) Materials

Gadolinium oxide nanoparticles

(A) ®)

Fig. 2.6: Unit cell of (A) cubic and (B) hexagonal Gd,0;

The rare earth element gadolinium is mostly available in the form
of gadolinium oxide (Gd20s3). It mainly exists in two different crystal
structures namely, cubic and monoclinic. The gadolinium atoms in the
cubic structure take two sites; both having 6 coordination number, but the
geometry of the surrounding oxygen atoms are different in both the sites.
Though at room temperature the stable state of Gd,O; is cubic, at higher
temperature (~ 1200° C) it exhibits in monoclinic phase.

Nanosized Gd;0; is widely used as contrast agent in magnetic
resonance imaging.[s'n Gd,0; nanoparticle doped with other rare earth
atoms is most promising systems that has immense application in solid-

state lasers®® and display devices.[®”
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N-Cetyl-N,N,N-trimethylammonium bromide

N- Cetyl —N, N, N- trimethyl /\/\/\/\/\/\/\/\&, B
ammonium bromide or commaonly /\
known as (CTAB) is a widely used Fig. 2.7: Chemical structure of CTAB
cationic surfactant.The molecular formula of CTAB is CigH4BrN. lts
hexadecyltrimethylammonium of cation has very strong antibacterial
effect.!"" Due to the strong repulsion among its cationic heads (long range
electrical force) and attraction among the tails (short range van-der Waals
force), CTAB forms micelles in aqueous solution. At 303 K, it reaches
critical micelle concentration (cmc) with around 75-120 molecules. From
ion selective electrode measurements and conductometry data of Br" and
CTA" ions and taking micelle size as r ~3 nm, the standard constant of Br-

counterion binding to the micelle at 303 Kis found as K° = 400.

Ethanol

The straight-chain alcohols with
molecular formula C,HsOH is called /\OH
ethanol. In ethanol, the carbon of a methyl
group (CHs-) is attached with the carbon Fig. 2.8: Structure of ethanol
atom of a methylene group (-CH2-) and the oxygen of a hydroxyl group
(-OH) is also attached to the same carbon atom of the (-CH,-) group. The
presence of the hydroxyl group .and a short carbon chain are the leading
factors in determining its physical properties. It is a versatile solvent. It is
miscible with water and with many organic solvents, viz. acetic acid
acetone, benzene, carbon tetrachloride, chloroform, toluene etc. The
hydrogen bonding of ethanol makes it hygroscopic. Due to the polar
hydroxyl group and the nonpolar ends, ethanol dissolves in many ionic
compounds and nonpolar substances respectively. Also, various

properties are highlighted in appendix Il.
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(ii) Synthesis of gadolinium oxide (Gd;03) nanopatrticles

The bulk Gd,0; is a very stable RE oxide against high pressure,
temperature and with environmental degeneration. It is very difficult to
synthesize it in nanoscale form following top down approach. We have
followed a low cost physico-chemical route reported by Chen et al.'? with
some modification. In this method, bulk Gd.Os is converted first into a
nitrate compound followed by subsequent reductions to obtain hydroxide
and oxide products. At first, 100 mmol of bulk Gd,0O; (99%, Otto) was
added to 50 ml of double distilled water. Then, an appropriate amount of
HNO; (69% GR, Merck) was mixed with this solution under vigorous
stirring until a clear solution of Gd(NQ3); is obtained. The solution was
diluted to 100 ml in a volumetric conical flask by adding more distilled
water and then 3.3 g of N-Cetyl-N,N,N-trimethylammonium bromide
(CTAB) was subsequently added at 65°C, resulting in a yellow coloured
precursor. After the yellowish solution was cooled down to the room
temperature, 10 ml of freshly prepared 0.006 M aqueous NaOH was
transferred. As a result, a white precipitate of Gd(OH)3 is formed which is
followed by continuous stirring for 30 min, and centrifugation. In order to
obtain finest quality precipitate, the as-received product was subjected to
repeated washing with hot distiled water and centrifugation. The
precipitate was dried in air and then heated at 800°C for 1h till an off-white

powder of Gd,03 is achieved.

(iii) Ferrofluid preparation

In a FF, surfactant coated particles are dispersed in a carrier fluid.
CTAB is chemically inert in ethanol and this is one of the reason to choose
ethanol as a carrier medium. CTAB-coated Gd,0O3; nanoscale particles
were first transferred to ethanol medium. Magnetic stirring was maintained
overnight thus resulting in a uniform dispersion. This ferrofluid is labelled

as FFG.
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2.2, Characterization tools
A nano-dimensional material is beyond the optical resolution and
hence, cannot be resolved by human eye and optical spectroscopy. The
prepared nanoparticles as well as the ferrofiuids were probed by various
sophisticated techniques to extract adequate information with regard to
their structural, compositional and optical properties. The tools can be
employed for direct observation of the actual specimen or analysis of data

obtained under a given environment.

2.2.1. X-Ray Diffraction (XRD)

(i) Magnetite nanoparticles

Firstly, the structural and morphological features of the synthesized
magnetite particles were studied by an X-ray diffractometer (Rigaku Mini
Flex 2000). Fig.2.9 shows the typical XRD pattern and Williamson-Hall (W-
H) plot of the synthesized uncoated magnetite particles. The peaks at
35.35° 56.4° 63.35°and 66.1°are designated as ¢ haracteristics peaks of
magnetite with orientation along (311), (511), (531) and (442) planes, in
consistency with the other works.>'¥ Peaks at 31° and 75.2° arise
because of impurity. The sizes of the particles as well as the amount of

micro- strain are calculated by the W-H method, using the equation:™®!
0.94 .
ﬁhkl cos Bhkl = _d— + 47} sin ghkl (21)

where, B, is the full width at half maxima (FWHM) in radian, 8y, is the
diffraction angle in degree, 1 is the wavelength of the X-rays, d is the
crystallite size and n measures the micro-strain. Considering the
prominent diffraction peaks, the average crystallites size was calculated to
be ~ 4.1 nm and with a strain value of -17 x 102 A positive micro-strain
indicates interparticle contraction while a negative value represents

relaxation in the system.

42



Chapter 2: Synthesis protocol and characterization features of ferrofluids
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Fig. 2.9: (a) XRD pattern and (b) W-H plot of the synthesized Fe;0, particle
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(ii) Oleic acid coated magnetite (Fe;04) nanoparticles
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Fig.2.10: (a) XRD pattern and (b) W-H plot of oleic acid coated synthesized
Fe;0,4 nanoparticle

44



Chapter 2: Synthesis protocol and characterization features of ferrofluids

Fig. 2.10 (a) is a typical XRD pattern of the oleic acid coated MNPs
synthesized for preparing ferrofluids FFW and FFW. The diffractogram
is characterized by five distinct peaks located at 29.87°, 35.15°, 42.92°,
56.84° and 62.4° which correspond to (220), (311), (400), (611) and (440)
planes of inverse spinel crystal structure of magnetite system.!'*'% In order
to estimate average crystallite size (d), we used the W-H equation. The W-
H plot was drawn considering prominent XRD peaks and is shown in Fig.
2.11(b). The micro-strain was calculated from the slope, whereas
crystallite size was determined from the intercept of the W-H plot. In our
system, the micro stain and average crystallite size were estimated to be -
7 x 102, and ~8 nm; respectively. The negative strain indicates relaxed

nature of the particles within the system.

(iii) Gadolinium oxide nanoparticles

The structural properties of the nanoscale Gd,O3; powder were also
investigated by XRD analyses. The XRD pattern, shown in Fig. 2.11 (a),
depicts six prominent peaks at respective Bragg angles (26) of 26.35°,
31.31°, 35.75°, 42.41°, 46.75° and 55.61°. These peaks of monoclinic (B-

type) Gd,O; phase corresponded to (2 0 2), (0 0 3), (2 0 3), (313) (2 0 4)

and (514) planes, with preferred crystallographic orientation along (0 0 3)
plane. This is also in consistency with the previous work.!"! The average
crystallite size (d) and effective micro-strain (n ) can be gauged from the
popular W-H method. From the W-H plot, the average crystallite size and
micro-strain were estimated to be ~3.2 nm and -1.8 x10. Since a positive
strain depicts compaction where each of the crystallites is believed to be

under stress, a negative strain would represent inter-particle relaxation.
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Fig. 2.11: (a) XRD pattern and (b) W-H plot of the synthesized Gd,O; particle
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2.2.2. Electron microscopy

Electron microscopy is regarded as the most essential tool for
viewing structural and morphological features of nanostructured systems
down to atomic scale resolution. It provides direct evidence of particle
dimension in nanoscale regime. We have analysed our synthesized
products by low as well as high resolution transmission electron

micrascopy (TEM).

(i) Uncoated magnetite particles, FF1 and FF2

7.4 nm

Fig. 2.12: TEM micrographs of (a) uncoated single domain magnetite nanoparticle
and ferrofluids (b) FF1 and (c) FF2
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Fig. 2.12 depicts the transmission electron microscopy (TEM)
images (200KX magnification) of the uncoated and surfactant (TMAH, and
oleic acid) coated dispersed magnetite nanoparticles (FF1 and FF2
respectively). The surfactant coated nanoparticles are seen as aggregates
with a size distribution within 12+2%. Also, it was noticed that the
surfactant coated MNPs present within a given cluster have independent
existence in isolation to each other. As evident from the micrographs, the
samples contain substantial amount of spherical particles along with a few
hexagonal particles (~5%, indicated by red arrow). An individual
hexagonal nanopatrticle (uncoated) with a major axis of 12 nm and a minor
axis of 11.1 nm is shown in Fig. 2.12(a). The morphogical structure of
magnetite is octahedral and it could represent a hexagonal shape if

viewed along [111] direction. ['®

(ii) FFW (with oleic acid coated Fe304 particles)

Fig. 2.13: TEM micrographs of FFW with oleic acid coated Fe;O, MNPs

The TEM image of ultrasonically agitated magnetite particles of FF1
is shown in Fig.2.13. It is evident that the dispersed oleic acid coated
Fe304 particles are isolated from each other. The particles are mostly
spherical in shape with an average size distribution ~ 8+2% nm. The

presence of small cluster like structures are due to the higher

48



Chapter 2: Synthesis protocol and characterization features of ferrofluids

concentration of the MNPs which could not be separated out even after
agitation. In this regard, dilution, vigorous ultra-sonication and high

resolution of the microscope would provide a high quality image.

(iii) FFK (with oleic acid coated Fe;04 particles)

Fig. 2.14: TEM micrographs of FFK with oleic acid coated Fe;O4, MNPs

In order to study the morphological features of the dispersed
particles, FFK was first ultrasonicated and then a few micro-drops were
gently placed on a copper grid. The TEM micrograph (Fig.2.14) reveals
that the particles exist in isolation from each other with minimum
clustering. The particles are nearly spherical in shape. The sizes of the

particles are not strictly uniform; rather it shows a distribution of 8+2% nm.

Fig. 2.15: HRTEM micrograph of a FFG particle with clear lattice planes
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The structural and morphological aspects of the synthesized
nanoscale Gd,0; (dispersed in FFG) were investigated by HRTEM and are
presented in Fig 2.15. The average size of the nanoparticles, as revealed
from the micrograph is ~9 nm. The particles are found to be spherical
along with a high degree of crystallinity and perfect lattice ordering. it
reveals nearly spherical particles with distinct lattice planes and an
interplanar spacing of ~0.28 nm. The predicted value of the interplanar
spacing corresponds to the separation of (003) planes of the monoclinic
Gd,0s structure, ascertained from the prominent peaks of the XRD pattern

[shown in fig. 2.11. (a)].

2.2.3. Dynamic light scattering (DLS)

Dynamic light scattering or, Photon Correlation Spectroscopy
(PCS) or Quasi-Elastic Light Scattering (QELS), is a non-invasive, well-
established technique for measuring the size distribution profile of small
molecules and particles in solution or suspension. The latest technology
based on DLS presents size distribution up to a few nano meter scale. In
general, the DLS data gives the hydrodynamic radius of the particles,
which is to some extent bigger than the actual radius measured by other
direct methods like TEM.

-~ (i)Uncoated magnetite particles

The DLS study of the uncoated Fe;O4 particles, prepared for the
methano!l based ferrofluids, is shown in fig 2.16. It gives an evidence of
narrow size distribution of the particles. The Gaussian fit of the data
reveals that the average size of the particles is ~ 14 nm. The observed
asymmetry in the Gaussian fit was observed due to the variation of size of
the particles. The asymmetry inclined towards left indicate that the

concentration of smaller particles is higher than that of the bigger ones.
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Fig. 2.16 DLS study of uncoated Fe;0, nanoparticles

(ii) FFW specimen
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Fig. 2.17: DLS study of FFW
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In order to know the actual size distribution of the dispersed
particles (with hydrodynamic interaction) we have also performed DLS
measurement on Fe;04 based ferrofluid with water as carrier. Fig. 2.17 is
the size distribution of the FF which predicts that most of the particles are
having an average size of ~ 15 nm. The asymmetric nature towards left
(upon Gaussian fit) reveals that the presence of smaller particles is

predominantly high as compared to the case for bigger ones.

(iii) FFK specimen
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Fig. 2.18: DLS study of FFK

Fig. 2.18 exhibits particles size distribution of the ferrofluid FFK. It is
evident from the figure that the most of the particles are in the size range
of 10 - 20 nm. The asymmetric Gaussian distribution of the figure gives an

average distribution of size ~ 14 nm.

(iv) FFG specimen
The DLS response of FFG specimen is depicted in Fig. 2.19. The
Gaussian fit illustrates that the particles have a narrow size distribution in

the range of 5 -10 nm with maxima at ~ 6.6 nm. It also reveals that the
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Gaussian fit takes a symmetric pattern. In DLS study, symmetric nature of
the curve is related with the number density of the particles. Thus, it is
speculated that the percentage of smaller and bigger particles is nearly

same in this particular ferrofluid.
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Fig. 2.19: DLS study of FFG

2.2.4. Fourier Transform Infra- Red spectroscopy

Fourier Transform Infra- Red (FT- IR) spectroscopy is an important
analytical tool to analyse any varying signal of absorption, reflection,
transmission, or photoacoustic spectrum into its constituent frequency
components. It is a healthier access to trace the change in the vibrational
features due to the presence of certain constituents in a given material
system. Stretching, bonding and bending are the main vibrational modes
of any component. Infra red radiations are absorbed by the molecule and
the corresponding energy finally give rise to these modes.'¥ The
characteristic bending, bonding or stretching modes of the IR active

material corresponds to definite peaks in a FT-IR spectrum.

53



Chapter 2: Synthesis protocol and characterization features of ferrofluids

(i) Uncoated Fe304, and FF1 and FF2 specimens
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Fig. 2.20: FT-IR spectra of (a) synthesized Fe;O, nanoparticle, (b) TMAH and
(c) FF1
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Fig. 2.21: FT-IR spectra of (a)oleic acid and (b) FF2

Fig. 2.20 and 2.21 show FT-IR spectra of the uncoated, surfactant
(TMAH and Oleic acid) and surfactant-coated magnetite particles
dispersed in methanol (ferrofluids: FF1 and FF2). The conventional peaks
observable at ~ 2900 — 3500 cm™ and 2400 cm™ are the characteristics of
O-H stretching of water molecules and atmospheric CO,, respectively.?%?"

FT-IR characteristics of the FF1 spectrum corresponds to various

55



Chapter 2: Synthesis protocol and characterization features of ferrofluids

stretching and bending bands of the molecular constituents in TMAH
[(CH3)4NOH], magnetite (Fe3O4) and methanol (CH3OH). While the
wavenumber range 949 -1117 cm™ depicts C-N stretching of TMAH, 464-
668 cm™ correspond to Fe-O or/and Fe-OH stretching bands.?® A close
look on the spectra of FF1, TMAH and Fe;O, tells us that FF1 has a
superimposed feature of TMAH and Fe304. This gives an evidence of
TMAH bound to the surface MNPs at Fe-binding sites. Similarly,
comparison of the FT-IR spectra of magnetite, oleic acid coatings and
ferrofluid (FF2) can be made and evidence of surfactant coating could be
ascertained. In case of FF2, the bands 1203.4 -1263.4 cm'1, and 1719.6-
1739.2 cm™ appear owing to vibrational modes related to strong —CO-OH
bonding.[®?% The medium —CO-OH bondings are ascribed to the range
1381.1 -1449.6 cm™ and 1027.9 -1155.5 cm™ whereas, Fe - O stretching
corresponds to 408.2- 669.8 cm™'. Among these, the functional groups —
CO-OH, C-H are possessed by oleic acid while Fe-O comes from

magnetite.[202']

(ii) FFW specimen

-CO-OH bond

Transmitance (%)

4-0-H bending of water
O-H stretching of water

Fe-0 stretching

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’)

Fig. 2.22: FT-IR spectra of FFW
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The room temperature FT-IR spectra of the oleic acid coated Fe304
based ferrofluid with water as carrier is shown in Fig.2.22. Apart from a
peak observable at ~ 2077 cm™ and identified as C-O stretching mode of
the atmospheric CO, molecule;?” ail other peaks corresponded to the
chemical constituents available in the ferrofluid under study. The broad
band at ~ 3488.07 cm™' and the small peak at ~ 2403 cm™ represent the
characteristic O-H bending and stretching vibrational mode of the hydroxyl
group of water molecule.?>2"! The sharp peak at ~ 1670 cm™ and a weak
peak at ~ 1161 cm™ give the respective signatures of strong and medium
—CO-OH bonding of oleic acid.”?"! The typical Fe-O stretching vibrations of
Fe304 are prominent in the lower wavenumber region, in the range 620-
566 cm™ and 510 — 445 cm™ )

(iii) FFK specimen

f

Fe-0 stretching
of Fe;04

Transmittance (%)

-CO-OH bond of

oleic acid
i kerosene

3500 3000 2500 2000 1500 1000 500
-1
Wavenumber (cm )

Fig. 2.23: FT-IR spectra of FFK

Fig. 2.23 is the replica of the FT-IR spectrum of oleic acid coated
Fe3O4 based ferrofluid with kerosene as carrier fluid. Prominent

characteristic peaks of the constituents are observed in the spectrum.
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The sharp peaks at 2929 cm™ and 2856 cm™'strongly attest the presence
of the carrier fluid kerosene, as the symmetric and asymmetric stretching
of kerosene has witnessed the signals at these positions.”? The
occurrence of oleic acid, which is used as surfactant, is characterized by
peaks at 1453.42 cm™ and 1381.9 cm™. These two peaks are assigned to
medium strength -CO-OH bonding of oleic acid.?>?" The peaks at 440.725
- 481.155 cm™ and 528.957 cm™ were attributed to Fe-O or/and Fe-OH

stretching modes of Fe;0,4.12%2"!

(iv) FFG specimen

Transmitance (%)

Gd-0 bond
O-H stretching

4000 3000 2000 1000

Wavenumber (cn'r'1)

Fig. 2.24: FT-IR spectra of FFG

Fig.2.24 depicts the FT-IR spectra of the Gd,03 (CTAB coated)
based ferrofluid. The conventional peaks appearing at ~3403 cm™ and
2400 cm™ representing the respective signatures of O-H stretching and C-
O stretching of atmospheric water and CO, molecules.???®! |n case of
ethanol, bending modes of CHs; and CH, occur at ~1392 cm™ and 1452
cm’™’ respectively; whereas OH, CH,, CH; and CO stretching vibrations are
observable at ~3679 cm™, 2910 cm™, 2975 cm™ and 1060 cm™.?? The
weak band at 2980 cm™ and the sharp band at 1550 cm™ indicate the
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presence of CTAB in the samples.? The peaks at 536.8 cm™ and 413.3

cm™ are the outcome of Gd-O in- plane bonding .*>%

2.2.5. Raman spectroscopy

Raman spectroscopy is based on inelastic scattering of
monochromatic light, broadly used for extracting qualitative and
quantitative information with respect to electron-phonon interaction. This
spectroscopic technique provides a fingerprint of the specimen in terms of
molecular components/functional groups. The applicability to any form of
matter (solid, liquid or gaseous state) is another advantage of this
technique.

The room temperature micro-Raman experiment of our samples

were carried out by using A = 514.5 nm line of 50 mW Ar-ion laser.

{i)Oleic acid coated magnetite particles

Intensity (a.u.)

200 ) 400 ) 600 ) 800

Raman shift (cm™)

Fig. 2.25: Raman spectrum of Fe;0, nanoparticles

59



Chapter 2: Synthesis protocol and characterization features of ferrofluids

Raman spectroscopy is a widely used, nondestructive tool to
identify various iron oxides. The difficulty to distinguish magnetite (Fe;304)
and meghemite (yFe;O3) can be unravelled by Raman spectroscopy.
According to the space group theory, the irreducible representation at the
zone centre of Fe3O4 above Verwey temperature predicts sixteen mode:
[A1g(R) + Eg(R) + T1g + 3Tog(R) + 2A, + E, + 5Tyy(IR) + 2T4,).%" Here, R
denotes Raman active and IR denote IR active modes. Fe304 exhibits total
five Raman active modes at room temperature namely, A4, E;, and three
T,4 modes while y»-Fe;O3 shows only three modes. Fig. 2.25 is the room
temperature micro-Raman spectrum of the synthesized Fe304
nanoparticles. Here five peaks located at 211.420 cm™, 270.194cm™,
380.222 cm™, 581.008cm™ and 659.610 cm™ are recognized as T3, T3,,
E;, TZ and A;, Raman peaks of Fe30,.2%?! Table 2.1 depicts the
assigned Raman modes of the sample. Note that, the slight shift in the
frequency position of these peaks with respect to the reported value is
attributed to the nanoscale dimension of the objects under study and

adequate micro-strain in the sample.

Table 2.1: Representative data of the observed Raman peaks and

assigned modes of Fe;04 nanoparticles

Observed peak position Mode assigned
(em™)
211 T,
270 T3,
378 E,
581 T2
650 A
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(ii)CTAB coated gadolinium oxide nanoparticles

Intensity (a.u.)

200 300 400 500 600

Raman shift (cm"| )

Fig. 2.26: Raman spectrum of CTAB coated Gd,0; nanopatrticles

The observed Raman spectrum of the nanoscale CTAB coated
Gd;0; is depicted in Fig. 2.26. The synthesized specimen is characterized
by poorly resolved phonon modes (Table 2.1). It was known that the factor
group analysis for B-type Gd,O; predicts 21(14 Ag + 7 Bg) Raman active
modes which signify the in-plane atomic vibration as A4 stretching mode,
and out of plane vibration as By stretching mode with reference to (0 1 0)
plane.® In consistency with other reports, we have identified nine Raman
bands with regard to the synthesized Gd,O; sample.?*%) Earlier it was
suggested that a competitive mechanism between the higher frequency
shift due to the particle size reduction and lower frequency shift due to
strain could influence the Raman spectrum appreciably.®? it is likely that
smaller particles would experience larger strain compared to bigger ones

and a typical Raman shift is characterized by the overall effect.
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Table 2.2: Representdtive data of the observed Raman peaks and

assigned modes

Observed peak Mode Reported

position (cm™) assigned peak position (cm™)
153 Ag 156
180 Aq 175
289 Bg 298
385 By 385
417 By 417
445 Aq 445
486 Aq 484
579 Ag 583
596 Aq 593

2.2.6. Electron Paramagnetic Resonance spectroscopy

Electron Paramagnetic Resonance (EPR), also referred as Electron
Paramagnetic Spin Resonance (ESR) is an extensively used
spectroscopic practice to study paramagnetic centres of various oxide
systems. Basically, these paramagnetic centres are surface defects,
inorganic or organic radicals, metal cations or supported metal complexes
and clusters. Different paramagnetic centres exhibit their own
characteristic EPR responses.

The as synthesized nanoparticles were also analyzed by EPR
spectroscopy - taken at a frequency 9.15 GHz (X band) and at a field
modulation of 100 kHz. Under this experimental condition, the amplitude of
the detected signal is very high.B" Typically, the EPR signal is presented
as first derivative spectrum to locate the position corresponding to peak-

maxima.
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(i) Magnetite nanoparticles

The room temperature EPR spectrum of the prepared Fe;O,
nanoparticles is shown in Fig. 2.27. The symmetric nature of the spectrum
[Fig.2.27 (a)] ensures high purity of the sample with no/minimal trace
amount of other elements in the sample. The resonance field is recorded
at 306.66 mT and the corresponding g (free electron g-factor) value is
found to be 2.1028. It was reported that Fe;04 nanoparticles with effective
g value ~2 corresponds a phase closer to super-paramagnetic behaviour.
As it moves towards ferromagnetic behaviour, the corresponding g value

also increases. 2
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Fig. 2.27: EPR response of Fe;0, system with variation of (a) magnetic field and
(b) g- value
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(ii) Gd;0; based ferrofiuid
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Fig. 2.28: EPR response of Gd,0; system with variation of (a) magnetic
field and (b) g value

Fig. 2.28 depicts room temperature EPR spectra of synthesized
Gd;03 nanopowder. The variation of signal intensity with magnetic field
and g value are shown in Fig. 2.30(a) and (b), respectively. As can be

seen from the figure the spectrum is symmetric in nature and have
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resonance field centred at 310.3 mT and associated with g (free electron
g-factor) values of 2.10802. In EPR study, the shape of the spectrum is a
measure of the interaction of an unpaired electron with its surrounding
environment. The symmetric nature of the EPR spectrum signifies high

purity of the sample.

2.2.7. Photoluminescence spectroscopy

Photoluminescence (PL) spectroscopy is a versatile technique
through which in-depth details related to radiative emission response can
be explored. It is a contactless, nondestructive method based on either
direct interband electronic relaxation events or carrier re-excitation via

intermediate defect states.

(i) FFG specimen

Intensity (a.u.)

300 350 400 450 500 550

Wavelength (nm)

Fig. 2.29: PL spectrum of FFG specimen under excitation wavelength A.,=270 nm
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The room temperature PL spectrum of Gd,O; based ferrofluid is
shown in Fig. 2.29. The ferrofluid has recorded an asymmetrically
broadened spectrum peaking at ~355 nm. Earlier reports have suggested
that this peak can be attributed to ®P,¢>8S7 transitions of Gd(l11).** In
PL spectrum, left symmetry factor (S.) is associated with band to band
transition. Here S, is defined as (A.- Ay)/AA; with Ay representing peak-
wavelength corresponding to the main peak, A, is the wavelength in the left
hand side of the full width at half maxima (FWHM) and AA= Ag- A, Arbeing
the half width wavelength on the right hand side of the FWHM. In this
spectrum, the left symmetry factor is measured as 0.38. It is much
expected that the nanocrystallites of Gd,0; possess numerous surface
defects. We speculate that the association of the defect related emission
in the higher wavelength regime could have led to the remarkable
asymmetry in the PL response. Upon deconvolution, the defect related
emission was found to be located at ~ 415 nm, as can be observed in Fig.
2.32 (b). The overall PL spectrum is dominated by the band to band

transition. The defect related transition is very weak.

2.3. Concluding remarks

A variety of ferrofluids were prepared considering two types of
magnetic systems: FeisO4 and GdyOs. Nanosize Fe3O4 was prepared by
co-precipitation method. It was found that the pH and the ratio Fe?*: Fe3'=
1:2 of the precursors play important role for obtaining Fe;O4 phase. On the
other hand, rare earth oxide system (Gd;0Oj;), being highly stable,
nanoparticles could not be synthesized following top down approach.
Nanoscale particles of Gd,O3 were prepared by a select physico-chemical
method. In order to achieve stable ferrofluids, the MNPs were coated with
both cationic and anionic surfactants and then dispersed in carrier fluids.
Different microscopic and spectroscopic characterization methods ensure
the production of quality Fe;04 and Gd,O; based ferrofiuids that are

suitable for further experimentation.
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3.1. Effect of static magnetic field on ferrofluids

The splendour of ferrofluid lies on two important facts: as normal
liquid that flows and at the same time, it can respond to an external
magnetic field. A ferrofluid, as discussed in previous chapter, would exhibit
magnetic response unlike conventional fluids. It was reported that, many
of its physical properties (viscosity, thermal conductivity, polarizability,
velocity, droplet size-shape etc.) can be adequately controlled with applied
magnetic field strength.l's! The particle size distribution and number
density of a FF play a crucial role in presence of an applied field. The
dispersed magnetic nanoparticles of a FF constitute a colloidal model
(magnetic) system due to its permanent magnetic moment.! Without an
external field, the dispersed particles behave as single domain magnetic
particles and they are in a state of random Brownian motion. But in
presence of an external field, their movement becomes streamlined as -
they experience an attractive force along the field direction. Referring to
pp.13 of chapter-1, we can say that the dipolar interaction of these
magnetic domains will also tend to increase. When these interactions
become sufficiently strong, they undergo interesting structural change.®®
Firstly, the randomly orientated magnetic particles join head-to- tail along
the field direction forming thereby a number of chains. In fact, the chainlike
structures come out as a result of competition between magnetic dipolar
interaction (U, (ij)) and thermal interaction (kzT). The effective interaction
between two ferromagnetic particles is generally expressed by a coupling

constant given by: ]

0
L= 2 (3.1)

Afterwards, these chains undergo secondary aggregation through
lateral coalescence forming bundle of chains.®! This is also known as
zippering effect. Two simultaneously occurring effects viz. thermal
fluctuation induced interactions and hindrance in the local lateral field due

to topological defect in the dipolar chains are attributed to these type of
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structure formation. Consequently, many remarkable changes of ferrofluid
property can be observed. In particular, magneto-optic and magneto-
viscous characteristics are note-worthy that have received significant

attention in recent time.

3.2. Magneto-optic effects of ferrofluid

Magneto-optic (MO) effect is a phenomenon that deals with the
interaction of an electromagnetic (EM) wave with an externally applied
magnetic field. In short, optical activity of a material under study changes
with the application of the magnetic field. Magneto-optic effect is important
in the sense that it provides information regarding the electronic and spin
structure of the system.

Polarization of light describes a specific orientation of the electric
vector (E) of the EM wave at a point in a period of oscillation. In circularly
polarized light, the direction of propagation and the rotation of E forms
either a right handed or left handed screw.® When an electromagnetic
wave propagates through an optically active material, the left and right
polarisation vector of the EM wave move with different velocities.'"” This
difference is manifested as different MO effects. Magneto-optic effect
results in the change of many optical parameters of the medium under
study.l''" The orientation of the light polarization in a medium can be
studied either in the transmission mode (Faraday rotation) or in the
reflection mode (Kerr effect).

A vast number of reports are available in the literature related to the
MO effects exhibited by Ferrofluids.'*'* The most important magneto-
optic effects exhibited by FFs are Faraday rotation (FR), Faraday ellipticity,
Kerr effect (for ferrofluid film), linear dichroism (LD), birefringence etc.'?
Longitudinal MO effects in specific spectral range has been reported."”!
Also, it was shown that FR could occur in a step- like manner. This
quantization was attributed to resonant tunneling of magnetic moment in

case of smaller sized quantum particles. '® The non-reciprocity theory

71



Chapter 3: Effect of static magnetic field on ferrofluids
- — __——— ___— __——— ____— |

demonstrates that the rotation direction of the polarized light depends only
on the magnetic field direction.'”? A comparative study of the reciprocity of
Faraday effect shown by the FF and magneto-optic glass specified that
despite the reversal of the magnetic field direction, the rotation of the
polarized light remained same in the former case.'® Many FF- based
devices eg. sensor, isolator, modulator etc. can be efficiently designed by

controlling the MO effects.!'21]

3.2.1. Faraday rotation of synthesized ferrofluids

FR is a quantitative assessment of the interaction of a plane
polarised light with matter in presence of an external magnetic field
applied along the direction of light wave propagation. When a polarized
light beam is allowed to traverse through an optically active object, it
undergoes transformation into two circularly polarized light beams.??!
Generally, 3 the FR is expressed as 6 = VHI, where V is the Verdet
constant of the material, H is the applied magnetic field and / is the optical
path length. The complete scheme of madified custom-made Faraday
rotation set-up®! is shown in Fig. 3.1(a,b). The optical components of the
set-up include solid-state lasers (P = 20mW, A = 632.8 nm; P = 50 mW, A
= 532 nm), a plano-convex lens to collimate the laser light, a polarizer, an
analyser and a Si photodiode (detector) sensitive within visible to near
infra-red light. An electromagnet was used as the source of the external
magnetic field. With the help of a set of surface polished mirrors
(reflectance > 99.9%), the incident laser light was aligned along the
direction of the applied field. The FR was measured as the function of the
ratio of the transmitted light intensities without and with placing the
analyser in appropriate place. In order to calibrate our experimental set-up
using a laser of wavelength 632.8 nm, first we measured the FR of milli-Q
water (conductivity:18.2 mega Q) taken in a 1 cm cuvette with empty

cuvette as reference [Fig. 3.(c)]. On linear fitting of the curve, the Verdet
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constant of water was calculated to be 3.9 x 10® deg/ G-cm which is

consistent with the previously reported value. #°!

Laser Specimen Detector

(a)

(b)

Fig 3.1: (a) Experimental set up and (b) schematic diagram for Faraday
rotation measurement with L: laser, C: plano-convex lens, P: polarizer,
SM: specimen, (M1, M2, M3): mirror, A: analyser, D: photodetector.
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Fig 3.1(c): Faraday rotation of milli-Q water

(i) FFW specimen
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Fig 3.2: FR response of FFW at two different wavelengths

74



Chapter 3: Effect of static magnetic field on ferrofluids
1

The FR characteristics of the synthesized FFW (Fe304 based
ferrofluid with water as carrier) measured at two different wavelengths
(532 and 632.8 nm) are shown in Fig. 3.2. For a given wavelength, the
rotation gradually increases with the field and then exhibits a saturation
trend. Such a Faraday response is quite obvious in FFs %271 and
semiconductors doped with magnetic impurities.?®!

As mentioned earlier, with the application of an external field, the
partié:les dispersed in a FF form chain or column like structures, which
would otherwise exhibit independent Brownian motion in isolation from
each other. In presence of the field, first the individual particles try to align
themselves along the field. Later, these chains get aligned owing to
zippering effect and when all the chains are aligned along the applied field,
the FR would reach its saturation value. Considering chaining effect into

account the FR for ferrofluids can be expressed as:?®

M (H)
Mg

6 =C + VHIH) (3.2)

Here, Cis a constant, M(H) is the magnetization of the particle at an
applied field H, Ms representing the saturation magnetization of the
specimen and [(H) being the chain length at a field H. It was also revealed
that, at a definite magnetic field, the FR has a dependency on the excited
wavelength [Fig 3.2]. It may be noted that larger wavelength corresponds
to a lower energy value and hence it will hinder the chain formation only
weakly. Consequently, an excited light with larger wavelength would result
in a significant FR in comparison with a light beam of a shorter
wavelength. In Fe;O4 system, 3d electronic states of iron are generally
responsible for the magneto-optic effects.®¥ The cations (Fe** and Fe?*)
are believed to occupy the tetrahedral and octahedral sites. They interact
with the oxygen localized states which are already present in the vicinity of
their neighbouring environment. The Faraday rotation takes place due to
intervalence charge-transfer transitions (~0.6 eV) between -neighbouring

Fe?* and Fe* ions. 231
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(ii) FFK specimen
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Fig 3.3: FR response of FFK

The Faraday rotation of the FFK is also measured with the above
mentioned custom made set-up. The observed variation of the FR with the
applied magnetic field, is depicted in Fig.3.3. The polynomial fit of the
measured data illustrates a typical nature of the FF as it first increases
with the increasing field and then tends to saturate. The exact saturation
was expected to occur at a relatively higher external magnetic field which
was beyond the limit of our current experimental arrangement. However,
the rising trend towards saturation could be attributed to steady chain
forming process and zippering effect of MNPs under an applied magnetic
field.

Note that, the ferrofluid FFK used in this study contained dispersed
magnetite nanoparticles. Thus, mainly Fe?" and Fe3* of magnetite systems
were responsible for the observ‘ed FR. The intervalence charge transfer

among these two types of ions also accounts for the FR in the system.
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(iii) FFG specimen
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Fig 3.4: FR response of FFG

Rare earth (RE) oxides are widely used in luminescent

B2 They are

components, permanent magnets and glass industry.
regarded as special systems owing to combined optical and magnetic
properties. The RE elements Dy, Tb, Ho as well as their oxides are
optically transparent to visible light'®® In particular, Gd,O3; is a
technologically important candidate which has potential in a number of
fields including infra-red absorbing automotive glasses, microwave
applications, colour television phosphor etc.*¥ Gd,03 nanoparticle is a
good candidate for magnetic resonance imaging (MR!) agent.®

It was known that owing to availability of unpaired electrons in the -
sub shell of Gd, Gd,03 exhibits magnetic properties both in bulk as well as
in nano form.B¢l The unusual magnetic properties become prominent
when the system of interest is in the nanoscale range.®”® Therefore,
magneto-optic phenomena like FR of Gd;0; based ferrofluid is very much
expected. It was suggested that, the transition between the 4f electrons of

the RE ions could lead to modified optical response in GdzO3. (401
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The ferrofluid FFG contained CTAB coated Gd;O3; nanoparticles
with ethanol as carrier medium. The FR response of FFG is shown in Fig.
3.4. The Verdet constant of the synthesized Gd,O3 based ferrofluid in our
case is calculated as 7.7x 10deg/G<cm (positive) which is measured from
the linear portion of the FR curve. A positive Verdet constant corresponds
to a counter clock wise rotation when the direction of propagation is along
the magnetic field. The nature of the FR response of this particular FF is
similar to that of other ferrofluids. However, in case of FFG, the fluctuation
response at low fields is relatively small as compared to response of FFW
and FFK. This is attributed to the less scattering from the surface of Gd,O3
nanoparticles owing to its stability. The steady enhancement of FR that
tends to saturation with the variation of the applied magnetic field, is due

to structural evolution of the magnetic MNPs to chains.

3.2.2. Linear dichroism of synthesized ferrofluids

LD makes its wonder in studying the structure of a molecule or
cluster of atoms. This particular electromagnetic spectroscopic
phenomenon occurs as a result of unique interaction of light with matter. In
general, LD is the dependence of absorption strength on the linear
polarization of the light beam relative to a macroscopic laboratory axis.[*"
In case of magnetic colloidal solution the birefringence and dichroism
originates from the intrinsic optical anisotropy or the shape anisotropy of
the individual particles."? We studied the linear dichroism response of our
synthesized ferrofluids using the same experimental set-up as used for FR
measurement but with modified configurations. Here, measurements were
performed with the plane of polarization of light parallel and perpendicular
to the applied magnetic field (100-700 G). The corresponding values of the

parallel and perpendicular dichroism are defined as:{'?

Ay = —In(E (3.3)
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AA, = —ln(I’—L (3.4)

The transmitted light intensity when the magnetic field is switched
off is referred as /, and that in presence of the field in a direction parallel
and perpendicular to the field are written as I, and [, ; respectively. The

intrinsic LD of the fluid is then expressed as:1?

Ak = (AA, — DA DA 47l (3.5)

Here, 1 is the incident light wavelength and [ is the optical path length. We
carried out all the dichroism measurements with a red laser of 1 = 632.8
nm and power = 20 mW. As 1cm x1cm rectangular cuvette was used in

the experiment, the optical path length is 1 cm.

(i)LD of synthesized FFW, FFK and FFG

The Fig.3.5, 3.6 and 3.7 exhibit the LD response of three ferrofluids:
FFW, FFK and FFG; respectively. It was observed that the LD responses
of the FFs generally follow Langevin-characteristics. Firstly, it increases
slowly with increasing applied magnetic field. Saturation of the LD
response is expected at a higher magnetic field strength. It was reported
earlier that in a magnetic fluid, the LD response invariably arise from
adequate optical anisotropy.”*® According to the classical theory of
interaction between light and matter, small particles (compared to the
wavelength of light) behave like oscillating dipoles in presence of light. In
case of two magnetic particles, the electric field produced by an individual

oscillating dipole is given by:**!

L 3(p.r)r. — P} (3.6)

41e, .2

E =

where, 7, is the position vector whose origin is at the particle or oscillating
dipole centre and p is the dipole moment. The oscillating dipole interaction
between particles give rise an optical anisotropy. As already mentioned,

the dispersed particles of a FF form several chains along the applied

79



Chapter 3: Effect of static magnetic field on ferrofluids
———__________________________———————— ]

190 -
(a) .
180 4

170 4 "

160 - .

Linear dichroism

150

140 e ——1,
100 200 300 400 500 600

Magnetic field (G)

2.5] (b L ow oo

1.5 4 ) AA
.

1.0 4

0.0 —
200 300 400 500 600
0.5 L

Magnetic field (G)
®

1.0 4 * * . .

Fig 3.5:(a) LD response of FFW and (b) the parallel and perpendicular
components of LD.

80



Chapter 3: Effect of static magnetic field on ferrofluids
|

280, (a)

270 -

260

2504 .

240

Linear dichroism

230 - -

T

100 200 300 400 500 600

Magnetic field (G)

4

| o L s o= eon

. (]
3-1 - a .
24
B AA
| ]
é 1] * AR

o v L] | v v ¥ v L)
190 200 300 400 500 600
-14 Magnetic field (G)

4 'y
2. * * * * ¢ g ] P

Fig 3.6: (a) LD response of FFK and (b) the parallel and perpendicular
component of LD.

81



Chapter 3: Effect of static magnetic field on ferrofluids
— — ———  — —___— —————————  ————————————— ]

280 -
(a)
2704

260 -

250 - .

Linear dichroism

240 -

2304 =

s

. — —
150 200 250 300 350 400 450

Magnetic field (G)

4. (b)
» s " . - -t
3 « = "
2.
. AAlI
14 . ® AA
é L
0 — ———————
100 200 300 400 500 600
-1 - Magnetic field (G)
L J ®
-2 ’ ¢ ¢ ® . ° o o

Fig 3.7: (a) LD response of FFG and (b) the parallel and perpendicular
component of LD.

82



Chapter 3: Effect of static magnetic field on ferrofluids
— — — —— — _—— —_— _____— ______—_______—— ______— |

magnetic field. The aggregates or chains are responsible for displaying
dichroism effect rather strongly than corresponding individual particles.
Eq.(3.6) reveals that, the electric field or the interaction force between
particles is inversely proportional to the cube of the distance between
them. So in a chain, only the nearest neighbours have influence on each
other, the distant particles will have only weak effect.**! We can speculate
that the dichroism response shows enhancement with magnetic field upto
the limit corresponding the rapid interaction between the particles
(oscillating dipoles). As the chain length increases inter-particle interaction
slows down due to the increase of the separation between distant
particles. This would manifest in the saturation tendency of the dichroism
effect in the region of higher magnetic field strengths.

Theory predicts that in case of a true dichroic material, the sign and
maghnitudes of the parallel and perpendicular components of the LD will be
different for each case."® The strength of the parallel component is about
twice that of the perpendicular component and it is opposite in sign.*>*¢l|n
other words, AA, = —2AA,. This type of variation is much expected in
most of the magnetic fluids (FFs).'? It may be noted that, Fig.(b) of 3.5,3.6
and 3.7 corresponding to FFW, FFK and FFG specimen strictly satisfy this

condition.

3.3. Magneto-rheological property of ferrofluid

Rheology is the science of deformation and flow of materials."*”) It is
based on three fundamental concepts: kinematics (study of motion),
conservation laws (interchange of various energy, forces and stresses
during motion) and constitutive relations ( links motion and forces of
special classes of bodies eg. viscous bodies).*”! Magneto-rheology is a
special branch of rheology. It is related with the variation of the rheological
property of a fluid in presence of a magnetic field."® The application of a

magnetic field, rapidly changes the viscosity of a fluid.
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Ferrofluids (being magnetic fluids) are capable of displaying
exciting magneto-viscous (magneto-rheological) properties.**>" When
subjected to an applied magnetic field, FFs undergo notable changes in
their physical properties. The change in the fluid's viscosity due to an
external magnetic fluid is termed as magneto-viscous effect (MV). The MV
effect of FFs is established as one of the most challenging and vital

5253 The viscosity of FF is

property for ferrofluid application/ research
invariably sensitive to the applied magnetic field. In a shear flow, the
dispersed MNPs of a ferrofluid rotate themselves in such a way that their
axes of rotation are parallel to the vorticity (local spinning motion of the
fluid) of the flow. In case of a magnetically hard particle, the magnetic
moment will be fixed within the particles. If an external magnetic field is
applied perpendicular to the vorticity of the flow, then two situations will
appear at the forefront simultaneously. Firstly, the magnetic field will try to
align the particles along the field direction while the viscous force will tend
to rotate the particles. As the moment is fixed within the particles, there will
be misalignment between the field and the moment of the particles. This
results in a torque. On the contrary,' this torque will hinder the free rotation
of the particles, thus the viscosity of the fluid changes.™ If the external
field is applied in direction parallel to the vorticity of the fluid, there will be a
resultant torque between the moment and the applied field. Thus no

change will occur in the fluid’s viscosity.

(i) Magneto-rheological response of FF1 and FF2

The rheological properties of the samples FF1 and FF2 were
studied by a conventional Brookfield dial reading viscometer (Model: M/00-
151). Fig.3.8 represents shear rate dependent variation of viscosities in
the absence of a magnetic field. The nonlinear decay of viscosity with
increasing shear rate confirm that the ferrofluids are likely to experience
non Newtonian characteristics. The observable shear thinning i.e.

decrease of viscosity with shear rate, for both the ferrofluids can be
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Fig 3.8: Variation of viscosity with shear rate for FF1 and FF2

expressed by:

Y=y, +yie” 4 ye e (3.7)
Here y is the viscosity in logarithmic scale, y, is the initial viscosity,

yiand y, are the viscosities at zero shear rate for a particular trend, x is

the applied shear rate while t,, t, are the decay parameters in sec’ ' The
measured parameters are enlisted in Table 3.2. From the biexponential
equation, it can be understood that the ferrofluids are undergoing two
simultaneous decay equations- one of them is very fast with high decay
parameter. The critical shear rate at which shear thinning has slowed
down are 86.21 sec”’ and 118 sec” for FF1 and FF2; respectively. The
overall viscous nature of the FFs can be attributed to the arrangement of
small chains/clusters of the MNPs.*®! With increasing shear rate, some
kind of perturbation of these clusters occur leading to a decreasing trend
of viscosity. It is evident from TEM pictures that in the absence of any
external force there could be more clustering effect in FF1 than in case of
FF2 [Fig.(2.14) of Chp.2)]. In other words, oleic acid (anionic surfactant)
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coated particles are well-dispersed than TMAH (cationic surfactant) coated
particles. But with increasing shear rate, oleic acid coated clusters would

respond to fragmentation more easily.

Table 3.1: Different parameters of FF1 and FF2

FF y1(cP) y,(cP) ts(/s) t.(/s)
FF1 0.67+ 0.006 | 0.99 +0.003 10.99 +2 117.74 £ 2
FF2 0.64 + 0.008 0.86 £ 0.01 15.36 + 2 168.73+ 3

In order to study the effect of applied magnetic field on the
rheological property, the MV response was studied when the field was
varied in the range of 0-100 G. Fig. 3.9(a) and (b) demonstrate the
magneto-viscous property of FF1 and FF2. Pronounced non Newtonian
behaviour was observed even in the presence of magnetic fields (H). For a
particular field, viscosity decreases with increasing shear rate, similar to
that in absence of applied field. Especially at a fixed shear rate, applied
magnetic field could enhance the viscosity of the FFs. Other workers have
argued that the formation of different field induced structures e.g. chain
sequence, droplike etc. in real FFs might lead to such a variation.®®*" The
larger the amount of such structures, the higher would be the viscosity.
Particles larger than the critical size (~10 nm for magnetite particles) are
more prone to this kind of structure formation.®® In a ferrofluid, the amount
of such particles largely influences the magneto-viscous property. At
higher shear rates these structures break down thus resulting in
decreased viscosity. It was reported by Odenbach et al that, the
interaction between the magnetic moment and mechanical torque of these
particles results in high magneto viscous effect.® This is attributed to the
stronger orientation tendency of the dipole moments from the direction of

vorticity towards the applied field. In our case, the direction of the

86



Chapter 3: Effect of static magnetic field on ferrofluids
B e e e

n no field
® 17 gauss
(a)
3.2+ £ A 31 gauss
3.0 4 ‘ v 50 gauss
¢ 101 gauss
- 2.8 t
0.
O 26.
£ i
b 2-4- E .
g 2.2 Y
® 2.0 i ¥ .
> .
£ 18- . 4
1.6 - .
1'4 T T T T T -
(1} 100 200 300 400 500
A
Shear rate(sec )
®  no field
3.2 4 : b ® 17 gauss
3.0 ) ( ) A 31 gauss
2.8 % v 50 gauss
—~ L g [ ]
o < ¢ 101 gauss
3] 2.6
e
£ L4l 54
o .o
g 2.2 I .
g 2.0 L .
- . 2
2 1.8. .
c
- 1.6
6 & Y
L]
1.4 M
0 100 200 300 400 500

Shear rate (sec )

Fig 3.9: Variation of viscosity (with shear rate) of (a) FF1 and (b) FF2

87



Chapter 3: Effect of static magnetic field on ferrofluids

1.6 -
1.4 (a)
1.2
1.0-1

0l8 -

n(r)

0.6
0.4 -

0.2

FF1
FF2

0.0

1.21

1.0 (b)

n(r)

H(G)

FF1
FF2

Fig 3.10: Relative change
sec” and (b) 445 sec.

of viscosity with magnetic field at shear rate (a) 225

88



Chapter 3: Effect of static magnetic field on ferrofluids
- ___________———— - ——— — |

magnetic field is perpendicular to the vorticity of the fluid. As the field
increases the interaction between the field and the magnetic moments of
the MNPs gets enhanced drastically. Thus, the position of the critical
shear rate shifts towards lower shear rate direction with increase of field.

For the sake of better understanding and validation of the role of
the two surfactants on the viscosity of the FFs, the relative change of
viscosities () was also worked out. The respective change of viscosity
corresponding to different magnetic fields are shown in Fig. 3.10(a) and
(b). It is expressed by the equation:

n(H)-n(0)
= 3.8
r s (3.8)

It is found that the FF2 responds more rapidly to the field than that
of FF1 irrespective of shear rate. It implies that oleic acid coated particles
easily interact with the field. Conversely, TMAH coated particles are more
stable in ferrofluid in comparison to oleic acid coated particles. The
stability of FFs with oleic acid and TMAH coated Fe;O4 MNPs depends on
a definite surfactant environment. These two surfactants are different from
each other in their respective hydrocarbon chain lengths. It is larger in .
TMAH [(CH3)sNOH] than that of Oleic acid (C1sH3402). It was reported
earlier that the dispersion stability of surfactant depends on the
hydrocarbon chain length.®® The absorption free energy increases with
the increase of the hydrocarbon chain length, leading to improvement in
chemical stability. " Consequently, better stability can be anticipated in
case of use of TMAH.

3.4. Concluding remarks

The effect of external magnetic field (static) on the synthesized FFs was
studied in terms of magneto-optic and magneto-rheological response. The
FR and LD responses of FFW and FFK have shown interesting results.
The FR is largely dependent on the excited wavelength and exhibiting

stronger response for larger wavelength. The LD of the FFs satisfied
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Langevin type response with the condition AA; = —2AA,. The rheological
studies of FF1 and FF2 have revealed that the FFs were of non-
Newtonian type. These FFs were also highly magneto-viscous. When the
field was increased from no field to a value of ~100 G, the viscosity was
found to get enhanced by ~20% when the shear rate was fixed at 4.5 sec’
!.Owing to the long chain length of TMAH molecules, FF2 specimen was

found to be ~12% more viscous than FF1 (with oleic coated MNPs).

References:

[1] Falcucci, G. et al. Rupture of a ferrofiuid droplet in external magnetic
fields using a single-component lattice Boltzmann model for nonideal
fluids, Phys. Rev. E. 79, 056706-056710, 2009.

[2} Zou, Y., Di, Z., and Chen, X. Agglomeration response of nanoparticles
in magnetic fluid via monitoring of light transmission, Appl. Opt. 50, 1087-
1090, 2011.

[3] Lee, H. M., Horng, L. and Wu, J. C. Magnetic-field tunable
transmittance in a ferrofluid-filled silicon nitride photonic crystal slab, J.
Phys. D: Appl. Phys. 44 064016 -064020, 2011.

[4] Rosensweig, R. E., Ferrohydrodynamics, 1st ed., Dover, New York,
1997.

[5] Mendelev, V. S. and Ivanov, A. O., Ferrofluid aggregation in chains
under the influence of a magnetic field , Phys. Rev. E. 70, 051502-
051511, 2004.

[6] Zubarev A.Y., Iskakova L.Y., Direct and inverse domain structures in
ferrofluids, Physica A, 367, 55-68, 2006.

[7] Laskar, J. M., Philip, J., and Raj, B. Experimental evidence for
reversible zippering of chains in magnetic nanofluids under external
magnetic fields, Phy. Rev. E. 80, 041401-041408, 2009.

90



Chapter 3: Effect of static magnetic field on ferrofluids
= - _____— |

[8] Martin, J. E., Odinek J. and Halsey, T. C. Evolution of structure in a
quiescent electrorheological fluid, Phys. Rev. Lett. 69, 15624—1527, 1992.

[9]Born, M. and Wolf, E. Principles of optics, Cambridge University Press,
Cambridge, 1999.

[10]Hopster, H. and Oepen, H.P.(eds.) Magnetic microscopy of
nanostructures, Springer, Germany, 2005.

[11] lisuka, K. Elements of photonics, Wiley, New York, 2002.

[12] Davies H. W. and Llewellyn J P., Magneto-optic effects in ferrofluids,
J. Phys. D: Appl. Phys. 13, 2327-36,1980.

[13] Kooij, E.S. et al. Versatile transmission ellipsometry to study linear
ferrofluid magneto-optics, J. Coll. Inter. Sci. 304 261-270, 2006.

[14] Jamon, D. Experimental investigation on the magneto-optic effects of
ferrofluids via dynamic measurements, J. Magn. Magn. Mater. 321, 1148-
1154, 2009.

[15] Donatmi, F. et al. Experimental investigation of longitudinal magneto-
optic effects in four ferrite ferrofluids in visible-near infrared spectrum,
IEEE Trans. Magn. 35, 4311-4317, 1999.

[16] Deb, P., Gogoi, M. and Karmakar, P. K. Anomalous magneto-optic
Faraday rotation behavior due to resonant tunneling of magnetic
moment, J. Opt. 41, 41-47, 2012.

[17] Massard, C. et al. Hybrid sol-gel thin films for magneto-optical
applications. chemical, optical and tribological study, Surf. Coat. Technol.
202, 1067-1072, 2007.

[18] Wang, S. et al. Reciprocity of Faraday effect in ferrofluid: Comparison
with magneto-optical Glass, Optik. 123, 553— 558, 2012.

[19] Martinez, L. et al. A novel magneto-optic ferrofluid material for sensor
applications, Sens. Actuator. A. 123-124, 438-443, 2005.

[20] Ando, B. et al. A ferrofluidic inertial sensor exploiting the Rosensweig
effect, IEEE. Trans. Inst. Meas. 59, 1471-1479, 2010.

91



Chapter 3: Effect of static magnetic field on ferrofluids
- —— _____— _______—_— ___———____— |

[21]Zu., P. et al. Magneto-optic fiber Sagnac modulator based on magnetic
fluids, Opt. Lett. 36, 1425-1427, 2011.

[22] Band,Y.B. Light and Matter, Wiley, England,2007.

[23] Bennette, H. S. and Stern, E. A. Faraday effects in solids, Phy.
Rev.137, A448-A461,1965.

[24] Yusuf, N. A., Rousan A. A. and Ghanem, H. M. E., Determination of
Faraday rotation inferrofluid, J. Magn. Magn.,Mater. 65, 282-284, 1987.

[25] Jain, P. K. et al. Surface plasmon resonance enhanced magneto-
optics (SUPREMO): Faraday rotation enhancement in gold-coated iron
oxide nanocrystals, Nano Lett. 9 ,1644-1650, 2009.

[26] Rousan, A. H. et al. Faraday rotation and chain formation in magnetic
fluids IEEE Trans.Magn. 25, 3121-3124,1989.

[27] M. M. Maiorov, Faraday effect in magnetic fluids at a frequency
10 GHz J. Magn. Magn Mater. 252, 111-113, 2002.

[28] N. Misra, et al.Photochromism and magneto-optic response of ZnO:
Mn semiconductor quantum dots fabricated by microemulsion route, Cent.
Eur. J. Phys. 6,109-115, 2008.

[29] Yusuf, N. A.et al. On the concentration dependence of Faraday
rotation in magnetic fluids, /EEE Trans. Magn. 26, 2852-2855, 1990.

[30] Schlegel, A. et al. Optical properties of magnetite (FesOs), J. Phys. C:
Sol. Stat Phys. 12, 1157-1164,1979.

[31] Choi, K. H. Magnetic behavior of FesO4 nanostructure fabricated by
template method, J. Magn. Magn. Mater. 310,e861-e863. 2007.

[32] Adachi, G., Imanaka, N. and Kang, Z. C. (eds.) Binary rare earth
oxides, Kluwer Academic Publishers, The Netherlands, 2004.

[33] Morales, J. R. et al. Magneto-optical Faraday effect in nanocrystalline
oxides, J. Appl. Phys.109, 093110 -093117, 2011.

92



Chapter 3: Effect of static magnetic field on ferrofluids
- ———— —— ———— _—— — ___— ___—— _—— __—— |

[34] Dean, J. R. Practical Inductively coupled Plasma Spectroscopy, Wiley,
England, 2005.

[35] Chen, X. (ed.) Nanoplatform based molecular Imaging, Wiley, New
Jersey, 2011.

[36] Kumar, C. (ed).Magnetic Nanomaterials, Wiley, Germany,2009.

[37]Fermigier, M. et al. Structure evolution in a paramagnetic latex
suspension, J.Colloid Inter. Sci. 154, 522-539, 1992.

[{38] Zhou, L. et al. Size-tunable synthesis of lanthanide-doped Gd,O3
nanoparticles and their applications for optical and magnetic resonance
imaging, J. Mater. Chem. 22, 966-974, 2012.

[39] Das, G.K. et al. Gadolinium oxide ultranarrow nanorods as multimodal
contrast agents for optical and magnetic resonance imaging, Langmuir.
26, 8959-8965, 2010.

[40] Henderson, B. and Imbusch, H. Optical spectroscopy of inorganic
solids, Oxford, NY, 2006.

[41] William, W. P. Modern Optical Spectroscopy: With Exercises and
Examples from Biophysics and Biochemistry, Springer, Germany, 2009.

[42] Blums, E. et al., Magnetic Fluids, de Gruyter, Berlin, 1996.

[43] Jennings, B. R. et al. Ferrofluids structures: a magnetic dichroism
study, Proc. R. Sos. Lond. A. 456, 891-90, 2000.

[44] Xu, M. And Ridler, P.J., Linear dichroism and birefringence effects in
magnetic fluids, J. Appl. Phys. 82, 326-332,1997.

{45] Fredericq, E. and Houssier, C. Electric Dichroism and Electric
Birefringence Oxford University Press, UK, 1973.

[46] Taketomi, S. et al. Magnetooptical effects of magnetic fluids, J.
Phy.Sos. Jap., 56, 3362-3374, 1987.

93



Chapter 3 Effect of static magnetic field on ferrofluids
e e

[47) Tao. R. (ed.) Electro-rheological fluids and magneto-rheological
suspensions. World Scientic, Singapore , 2011.

[48] Tanner, R.. and Walters, K. Rheology: An historical perspective,
Elsevier Science B.V., the Netherlands, 1998.

[49]llg, P. And Odenbach, S. Ferrofluid structure and rheology, Colld.
Mag.Flu.763, 1-77, 2009.

[50] Olabi, A.G. and Grunwald, A., Design and application of magneto-
rheological fluid, Mater. Degn, 28, 2658-2664, 2007.

[51] Hosseini, M. S. et al. Rheological property of a y-Fe,O3 paraffin based
ferrofluid, J. Magn. Magn. Mater. 322, 3792-3796, 2010.

[52] Shahnazian, H. et.al., Rheology of a ferrofluid based on nanodisc
cobalt particles, J. Phy. D, 42, 205004-205009, 2009.

[53] Ghesemi, E. et al. Magnetoviscous effect in a Maghemite ferrofluid,
J.Nanosc. Nanotech. 11, 5285-529, 2011.

[54] Odenbach, S. Magnetoviscous effects in ferrofiuids, Springer- Veriag,
2002.

[55]Pop, L. M., Microstructure and rheology of ferrofiuids,J. Magn.Magn.
Mater. 289, 303-306, 2005.

[56] Zubarev, A. Yu. and Iskakova, L. Yu., Effect of chainlike aggregates
on dynamical properties of magnetic liquids, Phys.Rev. E. 61, 5415-5421,
2000.

[57)Zubarev, A. Yu. Et al. Rheological properties of dense ferrofluids.
Effect of chain-like aggregates, J. Magn. Magn. Mater. 252, 241-243,
(2002).

[58] Odenbach, S. and Raj, K. The influence of particle agglomerates on
the magnetoviscous effect in ferrofluids, Magnetohydrodyn. 36, 312-319,
2000.

94



Chapter 3: Effect of static magnetic field on ferrofluids
— ——____—_ —_ — ____— ——— —_———— ]

[59] Odenbach, S. and Stork, H., Shear dependence of field-induced
contributions to the viscosity of magnetic fluids at low shear rates, J.
Magn. Magn.Mater. 183, 188-194, 1998.

[60] Golemanov, K.et al. Selection of surfactants for stable paraffin-in-
water dispersions, undergoing solid-liquid transition of the dispersed
particles, Langmuir,, 22, 3560-3569, 2006.

[61]) Hetem, M.J.J. Influence of alkyl chain length on the stability of n-alkyl-

modified reversed phases. 1. chromatographic and physical analysis,
Anal. Chem. 62, 2288-2296, 1990.

ki

95



Chapter 4: Low energy ion irradiated nanoparticle based ferrofluids:

Spectroscopic and magneto-optic characteristics
- — - —_______—_____— ___— |

“Energy cannot be created or destroyed, it can only be changed
from one form to another’-This famous quote from Einstein is
unchallengeable till now. Energy transmission occurs through convection,
conduction and radiation. Convection is the process of flow of heat energy
via collision between atoms and molecules .of a substance, while
convection is related with collective movement of ensembles of molecules
within fluids and rheids for transfer of energy. Radiation is the process of
travel of energetic particles or waves through vacuum or through matter.

Energy of radiation are of two types: ionizing and non-ionizing.

4.1. lon irradiation

Energetic ion irradiation as well as implantation is a subject of
topical interest in advanced nanoscience research. Nanomaterial
fabrication, characterization and application have achieved a new
dimension by the introduction of energetic ion irradiation technigues.!"®
The material properties can be modified by varying ion-beam related
experimental conditions. Alongwith the top down and bottom up approach,
ion implantation is recognized as an alternative way of processing of
nanomaterial in a precise way.®! A number of nanostructures with extreme
aspect ratios have been fabricated and tailored using the application of ion
beams.[8! Chemical bonds break or make during the impact of high
energetic ions on the material surface and is commonly known as surface
modification.®'® Surface defects affect largely chemical and physical
properties of a given material system. In nano scale system, defects are
abundant owing to large surface to volume ratio. Irradiation induced
annihilation or creation of surface defects is another aspect of ion
irradiation process.""'? lon beam could be effective not only in semi
conductors,['*'9 but also capable of controlling the phase stability of
alloys ["® Amorphization of many crystalline materials due to MeV ion
irradiation have been established.!"”""® lon irradiation also tailors

enhanced magnetic properties. Magnetic anisotropy can be modified by
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energetic ion irradiation. Recently, it was reported that Ga® irradiation
induced in-plane lattice expansion led to an enhancement in the
perpendicular magnetic anisotropy (PMA) of a Pt/Co/Pt ultrathin film .19
Swift heavy ion (SHI) irradiation not only modified the crystal structure of
magnetically frustrated thin films (BiMn,Os), but it also induced a weak
ferrimagnetism in the polycrystalline film.2% Currently, topographic
patterning of magnetic materials is considered as very important for
magnetic data storage and magneto-logic devices. lon irradiation or ion

implantation could be useful in forming such patteming also.?'!

In ion irradiation process, energetic ions interact with the electrons
and nucleus of a target material by successive collision events.® This is
an inelastic collision. Energy and momentum are transferred from the
energetic ion/atom to the electrons or to the nucleus of the target atom.
Since the number of electrons is more than the single nucleus, the number
of ion collisions with electrons is also larger than that with the nucleus. But
due to smaller mass of the electrons, such collision cannot much alter the
trajectory of the ion. This type of collision forms a viscous type background
by taking energy from the fast moving ions. The energy loss of the ions
due to the collision/excitation of the electrons is termed as electronic
stopping power Se(E). Incident ions also slow down by the elastic collision
between the ions and target atoms. This type of slowing down process is
categorized by nuclear stopping power S, (E). Binary collision (single
scattering) rather than multiple scattering of ion-matter interaction is more
prominent in nanomaterial.?® Such elastic collisions may leads to
displacement damage by the recoil of the knock-on atoms. Cascading of
the recoil atoms may also occur, causing further damage of the target
materials. Sputtering is another possibility of irradiation effect. ¥ The
atoms present in the first or second layer of the surface may sputter into
the vacuum due to the recoil energy and momentum directed away from

the surface. lon-beam mixing is also a consequence of the recoiling
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atoms. In the recoiling location, several atoms may alter their lattice sites
resulting atomic mixing. The mean free path between collisions in a film in
the nanometre range is comparable or greater than the thickness of the
film.”?*! Therefore only a small fraction of the ions get scattered from the
nucleus or electrons of the atom.

The specific physical phenomenon occurring during ion irradiation
is basically determined by the kinetic energy of the projectile ion and the
property of the material. Approximate different regimes of the physical
phenomena are classified on the basis of the kinetic energy of the ion.
They are: thermal (below 1 eV), hyperthermal (1-100 eV), low energy (0.1-
10 keV), medium energy (10-500 keV) and high energy (> 500keV).%!

4.1.1. Low energy (keV) ion irradiation

A projectile ion with low energy (in the keV range) is comparatively
less energetic than the swift ions. These ions are mostly effective in the
surface and near surface region of the incident material. In general, keV
ions are used for ion implantation. The energy loss is due to the elastic
and inelastic collision with the nucleus and the electrons respectively. The
differential energy loss (dE) of a small layer of the target material with a

thickness dx can be expressed as:*%

| == (@), @), @

Here, the suffix n is for nuclear and e is for electronic process.

In keV regime, if the ion velocity is less than the orbital velocity of
the electron of the target material, an approximation follows that electronic
energy loss is proportional to the ion velocity (Lindhard et.al 1963, Firsov
1959).1271

The different energy losses restrict the trajectory of the ion to a
finite range in the target material. The penetrating ion experiences

different type of range. The average path length [R(E)] of an ion is derived
.[28]
as:
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0 dE
R(E) = fE T (4.2)

The dissipated energy of the ion is transferred not only to the
surface. A good portion of this energy is carried away to the reflected ion
and/or to the sputtered atoms. The energy dissipation coefficient depends
on many factors viz. mass, kineticénergy and angle of incidence of the ion
and surface morphology.

In keV ion irradiation nuclear energy loss is dominant over
electronic energy loss. In such sitqation, energy and momentum are
transferred directly from the projectile ion to the target atoms. As a result
the projectile losses large amount of energy. Consequently, the ion follows
an irregular path in the material producing point defects. The target atom
may also gain kinetic energy to create further atomic and electronic
collisions. Thus, the interaction of a keV ion with the nucleus may produce
collision cascades in the target material, which in turn results in recoiling of
atoms. Sputtering is a frequent outcome of such irradiation. Kiev ions can
produce point defects that can segregate to grain boundaries.?® In the
keV scale, a light ion could produce isolated defects where as heavy ions
can result in cluster of point defects. Low energy ion beams could control
the defects on the sﬁrface of the nanoparticles in a precise manner without
affecting its morphology and crystal structure. The dangling/unsaturated
bonds, presence of foreign impurities, etc. can ideally be removed from
the nanoparticles through ion beam lead surface passivation. A light ion
beam can result in nanoparticles with controlled defects with reduced
anisotropy and coercivity. The recoil with different energies creates
different type of defects. A recoil with an energy a few times of the
threshold displacement energy generate isolated Frankel pairs.'?® Primary
recoil having energy around hundreds of eV results in number of defects
nearer to each other.?® With further increase of the energy of the recoil,
extended disorder in the centre of a cascade with surrounding interstitial

occur due to the more number of atoms in motion.”® The defect creation
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and sputtering also depends on the number of atoms that take part in a
collision cascade. In a cascade, the average number of moving atoms that

will possess energy greater than initial energy £, is expressed as: 2%

V(En Ep) = I 2 (4.3)

Here, E, is the fraction of the incident ion’s energy spent in elastic collision
and I'" is dependent on atomic collision.

lon irradiation (keV) also leads to creation of adatoms on the
surface.®% The impact of low energy ion irradiation on materials has been
studied since decades back. In 1998, Chappert et al published their first
paper on ‘planar patterned magnetic media obtained by ion Irradiation.B"
They demonstrated that the easy magnetization direction of Co—Pt
multilayers, which is perpendicular to the film surface, can be rotated in-
plane upon He" ion irradiation. Later, light ion irradiation was used to
create chemical order in FePt thin layers.®? In thin film magnetic
multilayer, symmetry breaking at the interface alter the perpendicular
magnetic anisotropy (PMA).?! Any roughening at the surface leads to the
symmetry breaking.®® The local environment of the atoms of a magnetic
material influences its properties. lon-beam mixing simply modifies such a
local environment of a large fraction of atoms.® In thermal spike regime,
ion-beam mixing of thermally immiscible Ag/Fe and In/Fe layers has been
reported.®® in one of the pioneering work of ion implantation, Ar ion was
used to study the structural and magnetic property of Co/Pd multilayer.?®!
Now a days, reports are available on ion irradiation induced interfacial
mixing in bilayers/multilayers and chemical ordering in alloys.?*%
Spherical Co nanoparticles was formed in a SiO; layer by implanting 160-
keV Co ions (fluence: 10" ions/ cm?) into layer.®™ In order to reveal
structural modification, the implanted samples were next irradiated with
200-MeV ion in the fluence range 10'" - 10" ions/ cm? at room
temperature. Low energy ion beam (1.8-keV He ion) irradiated at an angle

to the substrate was found to be an alternative way to fabricate bit
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patterned media and as fabricated patterned magnetic array showed a
reduced coercivity and narrow standard deviation in the switching field.*"!
Recent reports show that when ZnO nanosticks/nanorods were irradiated
with low energy Ar -ion its magnetic as well as luminescence properties
changed drastically."*?*3 For a comparatively higher fluence (of the order
of 10'®) Ar-ion irradiation also created intermetallic phases along with inter
mixing layers in a Al/Ti nanostructure.*” When carbon nanotubes were
irradiated with 140-kev He-ion, it transformed into amorphous state with

enhanced defect annealing.[‘w'

4.2. Effect of 80-keV Ar ions on synthesized nanoparticles/FFS

As discussed above, low energy (~ keV) ion irradiation is mainly
related with surface passivation by defect control. In view of this, we
irradiated the synthesized nanoparticles with Ar-ion in a high vacuum (10
mbar) chamber at room temperature using the LEIBF facility of IUAC, New
Delhi, India. Being chemically inert, Ar-ion causes less damage to the
chemical composition of the irradiated surface. The energy of the ion was
chosen as 80-keV based on SRIM calculation (appendix II). The ion
fluence was chosen as 10" ions cm™ to create defects. For the irradiation
experiments, first the synthesized nanoparticles were casted on laboratory
glass slide of size 1cm x 1 cm and then subjected to the ion beam. Then
FFs were prepared with the irradiated nanoparticles. The consequence of
the irradiation was studied basically in the frame of magneto-optic property

supported by structural and optical characterizations.

4.2.1. X-ray diffraction

The ion irradiation induced structural changes were first studied by
X-ray diffraction method. Fig. 4.1 shows the XRD pattern of the
unirradiated as well as the Ar-ion irradiated Fe3;O4 nanoparticles. The
unirradiated Fe;04 MNP system was characterised by Bragg's reflection at
29.87°, 35.15%, 42.92°, 56.84" and 62.4° representing the crystal planes
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Fig.4.1: XRD pattern of unirradiated and Ar-ion irradiated Fe;O,

(220), (311), (400), (511) and (440) respectively. All these peaks were
also evident for Ar-ion irradiated sample. The size of the particles,
calculated by the Williamson—Hall equation (referred to eq. 2.1 of chapter
two), remain same before and after irradiation (~8 nm). However, the
same formula shows that there is a slight modification of the strain of the
particle due to the irradiation. The strain for the unirradiated sample is
measured as -7x 102, which changes to -7.7 x 1072 after irradiation. The
strain of a particle refers to the change viz. contraction, elongation of the
atomic planes. During energetic ion irradiation point defects are created.
These defects could alter the cationic distribution and produce
stress/strain in the material.[*®! The observed variation in the micro strain is
also attributed to the ion induced defects. In short, the basic inverse spinel
structure of Fe;O4 and the average particles size remained practically

same, although defects were formed due to the ion irradiation.

4.2.2. Transmission electron microscopy
The direct evidence of the dispersed MNPs in FFs were observed

through transmission electron microscope. To perform this microscopic
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Fig.4.2: TEM micrograph of unirradiated (a) FFW, (c) FFK and (e) FFG (at high

resolution). The image (b), (d) and (f) are the ferrofluids FFW, FFK and FFG
respectively prepared with Ar-ion irradiated particles
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study the FFs were first diluted with respective carrier fluids followed by
ultra sonication. Then a drop of the sonicated ferrofluid was placed over a
copper grid. The TEM micrographs of Fe3O4 based unirradiated ferrofiuid
with water (FFW) and kerosene (FFK) as carrier are shown in Fig 4.2 (a)
and (c) respectively. The TEM image of the Gd,03; based ferrofluid (FFG)
is shown in Fig 4.2.(e). It was observed that the morphology of the
particles were same before and after the irradiation. The spherical shape
of the particles remains intake after the irradiation also. Similarly, the size
of the dispersed particles was found ~ 9+3 nm in the irradiated FFW and
FFK and ~ 9 nm in FFG, indicating no variation in the dimension. Absence
of clusters/agglomeration in the irradiated samples sustains the existence

of the surfactant coating of the MNP's in spite of the energetic irradiation.

4.2.3. FT-IR spectroscopy

Transmitance (%)

—— unirradiated
——— Ar ion irradiated

3500 3000 2500 2000 1500 1000 500

Wavenumber (cm’)

Fig.4.3(a): FT-IR spectra of FFW prepared with unirradiated and Ar ion
irradiated particles
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Fig.4.3 (b): FT-IR spectra of FFK prepared with unirradiated and Ar ion
irradiated particles
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Fig.4.3.(c): FT-IR spectra of FFG [prepared with (i) unirradiated and (ii)
Ar-ion irradiated particles] and (iii) ethanol as reference
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An FT-IR spectrum provides information with regard to bending,
bonding and stretching of molecules in a given compound. The vibrational
modes generally occur at‘higher energies (high wavenumber) for organic
compounds and at lower energies (low wavenumber) for inorganic
compounds. Therefore, slight change in any aspect like the bonding
energy, plane of vibration etc. due to externall/internal perturbation will be
traced out in the FT-IR spectrum of a compound. As shown in Fig 4.3 (a),
(b) and (c) the ion irradiation to the MNPs lead to only variation in the
characteristic peaks of the inorganic compounds of the respective FFs. No
alteration or formation of new characteristics (e.g. Fe-O bending) peaks of
all other constituent compounds in the three FFs also sustains the above
statement. Absence of any peak relating Ar indicates no implantation of
the ion in the MNPs. In order to study the impact of the energetic ion on
the inorganic compounds of the FFs, we have to focus our attention in the
lower wavenumber regions of these spectra. In case of Fe;O4 based FF
with water as carrier [Fig. 4.3.(a)] it is noticed that though the peak
representing the Fe-O stretching are present in both the unirradiated and
irradiated sample, the range corresponding the vibration has changed. In
the unirradiated one, the stretching vibrations are found in the
wavenumber regions 620-566 cm™ and 510 — 445cm™. Instead of these,
the FF after irradiation shows comparatively sharp peak in the
wavenumber range 625-610 cm™ and one at 482 cm™. In the same way,
in case of FFK, though the Fe-O stretching mode at 528.957 cm™ remains
same, the small vibrations in between 440.725 cm™ and 481.155 cm™
appear as two distinct vibrations at 424.197 cm™ and 472.001 cm™. In the
Gd,0;3 based FF, Gd-O inplane vibrations at 536.8 and 413.3 cm™
become more prominent for irradiated Gd,O3 system than its unirradiated
counterpart. Further, a close look on the unirradiated and irradiated FFG
has revealed that apart from the prominent Gd-O vibrational peaks,
splitting of peaks have also occurred in the later case. These above

observations suggest that the nanoparticle surface has been modified
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appreciably as a result of ion—matter interaction. it is possible that the
point defects (e.g. oxygen vacancy) are created due to the energetic ion
bombardment. Later, these defects can segregate to the particle surface
causing some kind of distortion onto the regular lattice. The departure from
the regular lattice site along with the segregated defects can result in
prominent IR vibrations as evident in Fig 4.3(c). Further, a close look on
the unirradiated and irradiated Gd,O3; nanoparticle samples has revealed
that apart from the prominent Gd-O vibrational peaks, splitting of peaks
have also occurred in the later case. These splitted peaks can be ascribed
to the uneven distribution of surface defects, interstitials and

inhomogeneties.

4.2.4. EPR spectroscopy
To substantiate further the speculation of creation of defect by the

irradiation process the samples were characterized with another tool i.e.
electron paramagnetic resonance technique. The room temperature EPR
spectra of Fe;04 and Gd,03 nanoparticles recorded at X band (9.15 GHz)
of the electromagnetic series and modulated at a field modulation of 100
kHz are depicted in Fig 4.4(i) and 4.4.(ii) respectively. As can be seen
from Fig 4.4, though the spectra of the unirradiated and irradiated samples
are symmetric in nature, have respective resonance fields centred at
different positions in both the nanoparticles. The resonance fields in case
of unirradiated and 80-keV Ar-ion irradiated Fe3O4 nanoparticle are
measured as 306.66 mT and 309.06 mT respectively, whereas those for
Gd;0; nanoparticle are found as 310.3 and 311.6 mT. Similarly the
associated g-values of Fe30O, for unirradiated and irradiated are 2.1028
and 2.1096. The g-value 2.10802 of Gd.O3; becomes 2.09874, after ion
irradiation. As the resonance shift for both the nanoparticles (2.4 mT for
Fes04 and 1.3 mT for Gd,03) are larger than the scanning step (0.6 mT),

we predict a clear variation in the interaction parameter of the isolated
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Fig.4.4(i): EPR spectra of unirradiated and irradiated Fe;O, nanoparticles
with respect to the variation of (a) magnetic field and (b) g-values
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Fig.4.4(ii): EPR spectra of unirradiated and irradiated Gd,O3 nanoparticles
with respect to the variation of (a) magnetic field and (b) g- values
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electron spins arising from the prominent defect centers of the irradiated
system. Generally, EPR spectra are influenced by the presence of defect
centers, but the position of the defect also plays an important role in
determining the physical properties of the system. If the defect is placed
symmetrically surrounded by a cluster of atoms in a representative
system, then it gives rise to an isotropic EPR- signal around the g-value of
the free electron.*”! Previously, it was reported that location of different
kinds of surface defects (edge, terrace, corner of the islands, etc.) could
influence the spectra and for the point defects at the edge gives symmetric
spectra with no additional doublet.*® EPR signal variation owing to
modified electron contribution is also apparently visible in Fig.4.4.i(b) and
Fig.4.4.ii(b). We attribute the symmetric spectra with the presence of
surface defects (chiefly, oxygen vacancies) created as a result of keV ion

impact.

4.2.5 Raman spectroscopy
The room temperature micro Raman spectra of Fe;O4 and Gd203

nanoparticles are shown in Fig.4.5 (a) and (b) respectively. The above
figures exhibited the Raman spectra of unirradiated one and the influence
of Ar ion on the nanoparticle in terms of Raman spectra. Fig.4.5(a) clearly
indicate that all the five characteristic Raman peak as predicted by the
space group theory (refer to Chapter 2) are also prominent after irradiation
of the Fe304 nanoparticles. The narrowing and decrease in intensity of the
peak T7,and A,, after irradiation are observed. There is also a slight
change in the peak position of the T3, T/ and A;;mode of the irradiated
nanoparticle with respect to that of the unirradiated one. The ng, Tzzgand
Ay, peak shifted from 270.194 cm™, 581.008cm”and 659.610cm™ to
271.866 cm™, 583.008 cm™ and 651.253 cm™ after ion irradiation. Raman
spectrum is related with degree of crystallinity. Magnetite crystallizes in
inverse spinel system with the Fe** and Fe?' ions in the ratio 2:1. They

occupy the tetrahedral and octahedral site coordinated with oxygen.
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Fig.4.5: Raman spectra of unirradiated and irradiated (a) Fe;O4
and (b) Gd,O3 nanoparticles
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Earlier it was reported that the variation in linewidth of the A;, mode
is related with the static electronic disorder due to the random
arrangement of Fe?* and Fe cations in the B (octahedral) sites and the
dynamic disorder due to the hopping of polarons from Fe®* and Fe¥*
sites.*®! In our case, we speculate that the Ar ion irradiation leads to
formation of defects in terms of either oxygen vacancy or dislocation. As a
result, strain between the atomic planes may also altered. The newly
created defects alter the iron and oxygen atom coordination along with the
Fe®" and Fe?" environment. This is manifested as the peak broadening

and slight variation in the peak positions.

As shown in Fig.4.5 (b), the irradiated sample of Gd,O; has
revealed a spectrum with broadened line-width, and enhanced intensity.
The FWHM of the two most prominent Raman peaks (By; modes) at 288
cm™ and 384 cm™ have increased from 7.68 cm™ to 9.36 cm™ and from
6.14 cm™ to 10.41 cm'1, respectively. In addition, two other A; modes,
located at 575 cm™ and 595 cm™ were characterized by FWHM values of
10 cm™ and 8 cm™’, respectively. It is expected that the energetic ion
irradiation has led to the creation of point defects or, some kind of surface'
disorder in case of irradiated nanoscale Gd,0; particles. Previously, it was
advocated that the peak broadening is related with the phonon
confinement and dispersion effect. °” Here, the minor red shift of the
aforesaid (four) peaks at 288 cm™, 384 cm™, 575 cm™ and 595 cm™ are
assigned with the weak dispersion of the phonon modes. The spectrum of
the irradiated sample is also manifested by improved intensity response of
these four peaks at the expense of other modes. We assign this
observation to the irradiation led lattice disorder in the nanoscale system,
which has also been predicted in an earlier work of oxide system.®" In
addition, evolution of a new peak at 202 cm™ in case of irradiated Gd,03
system is expected to be the outcome of invariable superimposition of Ag

and By modes in confined region. In the monoclinic phase of Gd,O3

112



Chapter 4: Low energy 1on irradiated nanoparticle based ferrofluids:
Spectroscopic and magneto-optic characteristics

(unirradiated) though this peak was not observed, for cubic structure (C-
type) a weak satellite peak, observable at ~198 cm™ is attributed to Ag
mode.® Another group has reported the phase transformation of ~30 nm
Gd,0; particles from C (cubic) B (monoclinic) by 30-keV O-ions.*¥ In
contrary, in the present case, the appearance of the new peak (202 cm™)
indicated a partial phase transformation from B-type to C-type. Note that,
the electronic and nuclear energy losses of 30-keV O-ions in Gd,03; are
0.291 eV/A, 0.213 eV/A; respectively.® Conversely, 80-KeV Ar-ions have
respective energy losses limited to 0.539 eV/Aand 0.858 eV/A. In other
words, nuclear energy loss over electronic energy loss is more dominant
in our case. We speculate that, the existence of the new peak could be
due to structural reorganization leading to partial phase transformation on
the nanoparticle surfaces though a complete phase-transformation was

highly undesirable.

4.2.6. Magneto-optic effects
(i)Faraday rotation response

Faraday rotation (FR) is a measure of the rotation of a plane
polarized light due to the field induced birefringence. As discussed in
Chapter 3, Faraday rotation exhibited by FF is not only a measure of light
matter interaction but also it gives information of the chaining effect.
Basically, FR of a ferrofluid is dependent on the magnetization at a
particular field, saturation magnetization and the chain length. From the
figures [Fig.4.6 (a), (b) and (c)], it is clear that FR of any ferrofluid is also
effected by ion irradiation. It can be seen that the FR gets enhanced for
the FFs prepared with 80-keV Ar-ion irradiated nanoparticles compared to
the unirradiated samples. The polynomial fit of measured rotation for the
FFs indicate that similar to the respective unirradiated sample, the FR first
increases with field and then tends to saturate at higher magnetic field. in
case of FFG, the degree of enhancement of FR is comparatively less than
that of FFW and FFK.
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Fig.4.6: Faraday rotation of (a) FFW and (b) FFK. FFs are prepared with
unirradiated and Ar-ion irradiated particles
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Fig.4.6(c): Faraday rotation of FFG prepared with unirradiated and
Ar-ion irradiated particles

Different characterization tools e.g. XRD, TEM, FT-IR, EPR and
Raman spectroscopy reveal that there is no modification in the
morphological aspects of the Fe3O4 and Gd,03 nanoparticles upon 80-keV
Ar" irradiation. Upon irradiation, the shape and size of the nanoparticles
were found to remain similar with the unirradiated ones. This fact also
discards the possibility of increase of FR due to the irradiation induced
growth of the nanoparticles. Irradiation induced defects formation on the
nanoparticles surface is confirmed by the characterization tools. Defect
segregation to the grain boundaries of the nanoparticles is also possible.
Now, the ordering pattern of different ions (eg. Fe?* and Fe*" in magnetite)
may be affected upon the formation of the defects. The oxygen
stochiometry in the oxide system is also modified by the defects. There is
also possibility that newly formed defects within a nanopatrticle can give
rise to significant lattice strain and can affect the original strain of the

particle. The lattice strain of the unirradiated and ion irradiated magnetite
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nanoparticles as calculated by W-H plot supports this fact. Earlier reports
reveal that the lattice strain influences the transport properties in
nano/micro wires of transition metal oxide.* Lattice strain can distort or
enlarge the bond length or bond angles between various atoms, which
inturn affects the electronic and magnetic properties of the material.** We
expect that the ion irradiation induced defects as well as strain are
accountable for the observed enhancement in Faraday rotation of the FFs.
The optical path within the nanaoparticles increases due to the defects.

Rare-earth oxides are more stable than other metal or
semiconductor oxide system. It is difficult to alter the internal/external
structure of a stable system by any external perturbation. Thus new
defects can be created in Fe;O4 with greater ease than Gd;0s. It is
contemplated that the energetic Ar-ion would create/rearrange more
defects in the Fe3O, nanoparticles than the Gd,0O3. This is manifested as
the larger improvement of the FR in Fe;04 based FF than that of Gd,03
based FF.

(i) Linear dichroism response

Linear dichroism is another important magneto-optic effect
exhibited by FFs. As discussed in chapter 3, it arises from the interaction
between light and matter in presence of an applied magnetic field. Figure
4.7(a), (b) and (c) show the intrinsic LD of FFW, FFK and FFG before and
after 80-keV ion irradiation. It is evident the LD of the FFs were greatly
influenced by the ion irradiation. Unlike the FR (got enhanced after
irradiation) of the FFs, that LD decreases upon irradiation. The
enhancement of FR upon irradiation can be described on the expectation
ground of formation of point defects in the nanoparticles as a result of
irradiation. The defect formation is anticipated from different
characterization mechanisms. Hence, these defects are expected to be

the origin of the variation of this magneto-optic effect of the same FFs. The
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Fig.4.7(c): Linear dichroism of FFG prepared with unirradiated
and Ar-ion irradiated particles

LD of FFs arises due to the optical anisotropy. The oscillating dipole
interaction between particles give rise to an optical anisotropy. More
precisely, the shape anisotropy caused by the chain formation directs to
the LD in any FF. Earlier reports show that presence of defects influence
the magnetic anisotropy of a material.®>*® In some instances magnetic
anisotropy increases, whereas in some other occasions it is just the
reverse. The enhancement or decrement of anisotropy depends on the
type of defects. In general creation of vacancy defects increase
anisotropy, while antisites defects leads to the decrease in anisotropy
values.®® In the present situation, it is considered that upon irradiation led
reshuffling of the ions some cationic antisites were developed within the
nanoparticles. Surface magnetic anisotropy leads to optical anisotropy.
Specially, in Fe;04 the Fe®* and Fe?" interchanged their position between
the A and B sites after irradiation. Magnetic anisotropy also affects the

magnetic dipole moment of the particle. Due to the variation in the
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magnetic anisotropy, the dipole moment may be obstructed to freely rotate
along the changing direction. As a result, the electric field between
oscillating dipole moment of particles is also impinged. Therefore, the LD

of the FFs gets lower after irradiation.

4.3. Concluding remarks

As evident from different characterization techniques, the 80-KeV
Ar-ion irradiation could induce point defects on the surfactant coated
Fe;Os and Gd;03; nanoparticles. Further, it was observed that ion
irradiation may lead to a partial transformation of Gd.,O; nanoparticles
from B-type to A-type crystal system. The effect of low energy ion
irradiation was also prominent in the MO responses of the FFs. The
Verdet constant of FFs as prepared with the ion irradiated nanoparticles
show "a maximum enhancement upto ~10 % (in case of FFW). The
observed variations in MO responses were attributed to modulation in the

optical path lengths owing to irradiation led defect creation/annihilation.
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Chapter 5: y-irradiation effect on ferrofluids

5.1. Gamma (y) irradiation

A brainchild of NASA in 1960s, the discovery of ferrofluid was a
great achievement for the scientific community related with space
research. Ferrofluid gets to the bottom of many unsolved problem faced by
space shuttles due to its behaviour as normal liquid without an applied
field and as a magnetic liquid in presence of an applied magnetic field.
With a frequency larger than the X-rays, gamma (y) —radiation is regarded
as the most energetic electromagnetic radiation. Compared to o and
rays, y rays possess highest penetrating power without any divergence.
Typically, v -rays have energy more than 100 keV and wavelength less
than 10 picometers with frequency above 10'® Hz. The high energetic 7y -
radiation is found to be abundant in the space and is believed to be major
cause of the magnetic fields of many extra-terrestrial objects.

y-radiation interacts with atoms and charged species while
traversing through matter, When y- ray falls on a surface, the total
absorption of the radiation by the surface decays exponentially. The
absorption probability is a function of thickness, density and absorption
cross section of the surface. The intensity of the absorbed radiation at a
distance x from the incident surface can be expressed as:

I(x) = I,e™#* (5.1)
Here, u = no is the absorption coefficient with n as the total number of
atoms per unit area of the surface and ¢ as the absorption coefficient.

The penetration of y-radiation through matter is characterized by
ionization through either photoelectric effect, Compton scattering or pair
production. In photoelectric effect, an electron is knocked out from the
surface as a result of incidence of yradiation. In such process, the y-
photon interaction transfer its energy to an atomic electron and ultimately
the electron comes out with energy equal to the energy of the incident
photon minus binding energy of the electron. In case of y-photon with

intermediate energy (~ 100 keV to 10 MeV), the ejection of electron is
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accompanied by emission of a new y-radiation. The newly emitted
photon possess energy less than the incident one and its emission
direction is different from that of the first one. To be specific, this is called
Compton scattering. v -photon with much higher energy (exceeding 1.02
MeV) undergoes another mechanism during interaction with matter. Such
a high energetic y-photon interacts directly with the electric field of the
nucleus and its energy converts into the mass of an electron-positron pair.
If there still remains some extra energy beyond the equivalent rest mass of
the pair produced, it appears as the kinetic energy of the pair and recoil of
the emitting nucleus.

A number of reports highlighting application of y-irradiation on

(241 .yirradiation has mixed impact

matter are extensively found in literature.
on different materials. In material science, y-radiation has been widely
used for the creation of point defects.>"! An earlier report shows that, a
high dose y-radiation could lead to the production of second order point
defects.®! In general, Ge related defects in Ge doped SiO, was induced
during the synthesis process. y-irradiation could also produce such
defects. These y-ray induced defects were found to be photo-sensitive,
furnishing a novel basis for photo-sensitive pattern writing through ionizing
radiation.® There are reports on the effect of y-radiation on the lasing
performances of Nd, Cr:GSGG (Cr**-doped gadolinium scandium gallium
garnet) crystals. It was demonstrated that these crystals could retain high
threshold stability for laser damage upto y-ray doses of 1MGy.!"” However,
on exposure of such radiation, colour centres were induced and
strengthening thereby fluorescence property.'" Previously, Mak et al have
observed shifting of photoluminescence (PL) peak after y -irradiation in
ZnSe crystals.!'? They have correlated the peak-shifting with the band-gap
variation and ascribed it to radiation stimulated solid state recrystallization
and accumulation of point defects. In RE-doped alkaline earth sulphates,

the effect of y -irradiation was shown to influence their lattice parameters
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and luminescence patterns.!"® The mechanical properties of composites
fabricated from y-radiation induced polyethylene, polypropylene and jute
fabric were found to be increased significantly in comparison to their un-
irradiated counterpart." Gamma irradiation is widely used in the field of
medical sciences. A new approach of y- irradiation has accelerated the
concept of drug delivery from ferrofluids with great precision and
control."® Now a days, composites of inorQanic and organic materials
such as, hydroxyapatite/collagen are used in artificial bone substitutes.
Common sterilization methods such as autoclave are not appropriate for
hydroxyapatite/collagen composite. y-irradiation is a comparatively new
approach used for clinical sterilization. It was reported that the yray
irradiation of hydroxyapatite/collagen resulted in accelerated degradation
by collagens.!'® In food science, y- irradiation is used as an alternative
method of food decontamination. It is highly effective in inactivating
microorganisms in foods. In ready to use tamarind juice, the antioxidant
potential was shown to be improved and glucose and fructose remained

unaltered after y— irradiation. '"!

5.2. y-irradiation on ferrofluid (FFW, FFK and FFG) systems

Each of the as-prepared ferrofluids were taken in sealed containers
and exposed in a y-chamber with a y-source (*°Co). The source is capable
of emitting photons with an average energy of 1.25 MeV at a select dose
rate of 1.8 Gy/s. Keeping in mind the amount of doses used by earlier
workers, we have first selected five doses i.e. 32, 97, 292, 878 and 2635
Gy for irradiation purpose. On the basis of the characteristic results later,
we studied the magneto-optic and other spectroscopic properties of FFW,
FFK and FFG considering two specific doses of 878 Gy and 2.635 kGy.
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Fig.5.1(i): TEM micrograph of (a) unirradiated and irradiated FFW with
dose (b) 878 Gy, (c) 2.635 kGy
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Fig.5.1(ii) (a): TEM micrograph of unirradiated FFK
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Fig.5.1(ii): TEM micrograph of irradiated FFK with dose (b) 878 Gy, (c)
2.635 kGy
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Fig.5.1(iii): HRTEM micrograph of (a) unirradiated and irradiated FFG
with dose (b) 2.635 kGy. The inset of (b) is the SAED pattern

Fig.5.1.(i) and (ii) depict the TEM images of ultrasonically agitated
magnetite particles of the unirradiated and y-irradiated FFW and FFK
respectively. It is evident that the particles retain their spherical shape
after the irradiation of FFW, FFK and FFG with a dose of 878 Gy. When
the FFs were irradiated with a comparatively higher dose (2.635 kGy),
some noticeable structural changes were observed in FFW and FFK. In

the unirradiated FFs, the particles were of average size ~ 9 nm. As can be
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found from the micrographs, the y irradiated FFW and FFK contained
substantial amount of large particles along with several smaller particles.
In case of FFW, particles with an average size of ~ 20 and 48 nm were
observed when the sample was irradiated with a dose of 878 and 2.635
kGy; respectively. On the other hand, the enlargement was comparatively
low in FFK. As a consequence of the irradiation, the size of the dispersed
MNPs of FFK became ~12 nm (dose: 878 Gy) and for the dose of 2.635
kGy the size of some nanoparticles became ~ 18 nm. Note that, when an
energetic radiation, e.g. y or, electron passes through material, it can result
in fragmentation or recrystallization along with the induction of point
defects. Consequently, the physical properties of the material would get
modified."® We speculate that the Fe3O4 particles, dispersed in the FFs
undergo solid state recrystallization and particle growth via absorption of
energy from vy -radiation and dissipating into the surrounding environment.
Note that the density of milli-Q- water (~1000 kg/m?) is higher than that of
kerosene (~817.15 kg/m3). Thus the energy dissipation during the growth
process will be more in water than kerosene. Again, due to the smaller
viscosity of water than kerosene, the growth process is more favourable in
FFW than FFK. Itis expected that the irradiation induced fragmentation or
recrystallization reduces the spherical symmetry of the nanoparticles.
Therefore the TEM micrograph of FFW, irradiated with a dose of 2.635
kGy, shows spherical and smaller particles along with some elongated
particles.

The high resolution TEM micrograph of the irradiated (dose: 2.635
kGy) FFG [Fig. 5.1.(iii)] reveals no such structural enlargement of the
particles. The size of the Gd,O; nanoparticles before and after the
irradiation was calculated as ~ 9 nm. Neither any deformation in the shape
of the particles was also noticed upon irradiation. The chemical stability of
Gd,0; is attributed to this morphological stability with irradiation. Rather, it
ensures the formation of nanoscale defects in the successive lattice

planes (red arrows). The defects can be in the form of voids (vacancies) or
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dislocations. For instance, evidence of point defect and dislocation are
shown by solid and open arrows; respectively. The inset of Fig. 5.1(iii) (b)
represents the selected area electron diffraction (SAED) pattern of the
irradiated specimen. In that figure, the bright rings were indexed as (0 0 3),
(2 0 3), (3 13) and are in conformity with the XRD analysis (refer Chapter
2).

5.2.2. Dynamic light scattering
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Fig.5.2(i): DLS spectra of (a) unirradiated (b) irradiated (dose:878 Gy) FFW
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Fig. 5.2(ii)(a): DLS spectra of unirradiated FFK
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Dynamic light scattering provides information regarding particle size
distribution. Figure 5.2(i) shows a comparative analysis of the size
distribution of the dispersed MNPs of the unirradiated and y- irradiated
FFW system. Similarly, Fig 5.2(ii)) reveals the DLS study of the y -
irradiation effect on particle size distribution of FFK. The DLS study was
performed for two y- dose viz. 878 Gy and 2.635 kGy. In case of FFW
irradiated with a dose of 878 Gy, the average size was found to be ~28 nm
and for the higher dose (2.635 kGy) it was ~60 nm. The unirradited sample
showed a size distribution with average size as ~ 15 nm. Thus, adequate
particle growth, as a result of y-radiation, was also evident from the DLS
studies. Note that, the predicted values are somewhat larger than the
values obtained from TEM analyses owing to the fact that the DLS study
which rely on scattering events actually measures the hydrodynamic
diameters of the particles that are coated with surfactant layers. It was
observed that the FWHM (G, in nm) of the Gaussian fitting gets increased
from ~6.8 nm for the unirradiated to ~32.1 nm for the irradiated (dose:
2.635 kGy) FFW specimen. For FFW irradiated with a dose of 878 Gy, 8
was found to be ~17.02 nm. It indicates that the particle size distribution
has also increased with the irradiation dose. Fig. 5.2(ii) shows that there is
no adequate growth of the particles in case of y- irradiated FFK. The
average size of the particles has increased from ~ 14 nm (unirradiated) to
~ 19 nm when dose was 2.635 kGy. For FFK sample, the FWHM (B) of the
DLS spectra got enhanced upon y-irradiation. The enhancement of
particle size and FWHM with dose for this FF also supports the idea of y-
irradiation induced particle modification. The observed modification in the
particle growth and FWHM of the irradiated FFs highlight the role of carrier
fluid. It is anticipated that in FFK, only a few particles undergo irradiation
induced fragmentation and recrystallization. The random motion of the
particles is affected by a comparatively large viscosity of kerosene (in

FFK) than water (in FFW). Consequently, the observed variations were
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much stronger in FFW than FFK the results of which are presented in
Table 5.1.

Table 5.1: Analysis of DLS spectra

FFW FFK

Dose (Gy) | Size (nm) B (nm) Dose(Gy) | Size (nm) B (nm)

0 15 6.8 0 14 5.05
878 28 17.02 878 17 8.38
2635 60 13.1 2635 19 10.31

5.2.3 FT-IR spectroscopy
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Fig. 5.3(a): FT-IR spectra of unirradiated and irradiated FFW
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FT-IR spectroscopy is a healthier access to evaluate the changes in
the vibrational features due to the presence of certain constituents present
in a given material system. Fig .5.3(a) shows the room temperature FT-IR
spectra of the unirradiated and the irradiated FFW. Except a peak
observable at ~2077 cm™' and identified as C-O stretching mode of the
atmospheric CO, molecule, all other peaks correspond to the chemical
constituents available in the FF under study. The broad band at ~3488.07
cm™' and the small peak at ~2403 cm™" represent the characteristic O—H
bending and stretching vibrational modes of the hydroxyl group of water
molecule.l'¥ The sharp peak at ~ 1670 cm™' and a weak peak at ~1161
cm™' give the respective signatures of strong and medium —-CO-OH
bonding of oleic acid.”® The typical Fe—O stretching vibrations of Fe3;04
are prominent in the lower wavenumber region, in the range 598-566 cm™"
and 510445 cm "2 |t is seen that after irradiation, the characteristics
peak of Fe3zO4 has shifted further towards lower wavenumber side.
Molecular vibrations obey Newtonian mechanics.?" The actual vibrational
frequency of a molecule can be calculated with the assumption that the
vibration corresponds to an elastic spring problem. Again, the vibrational
{211

frequency (v) of a molecule with mass m can be expressed as:

1
2n

(5.2)

Vv =

BB

Here, K is the force constant of the spring. We know that for nanoscale
size, the force constant associated with bonds tends to increase. Due to
the smail size, a large number of bonds involving surface atoms of the
nanostructures break down, resulting in a rearrangement of non-localized
electrons on the surface. Consequently, the smaller the size, the larger will
be the shift of the vibrational peak toward higher wavenumber side and
vice versa.l'¥ It may be noted that, evolution of no new peak in the spectra
of the irradiated samples affirms that neither the MNP nor the surfactant

(oleic acid) layer has dissociated/ transformed into new chemical species.
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Fig.5.3 (b) depicts the room temperature FT-IR spectra of
unirradiated and vy- irradiated FFK. No variations in the spectra are
observed after the irradiation. All the characteristic peaks seen in the
unirradiated FF remain in the same paosition even after the irradiation. The
symmetric and asymmetric stretching modes of carrier fluid kerosene
appear at 2929.42 cm™ and 2856.9 cm™; respectively. ?? The surfactant
oleic acid confirms ité.presence by the two medium —CO-OH bonding
mode at positions 1453.42 cm™ and 1381.9 cm™ in the unirradiated and
irradiated samples.?% This specifies that neither the carrier fluid (kerosene)
nor the surfactant (oleic acid) was dissociated by the irradiation. The
peaks at 440.72 - 481.15 cm™ and 528.96 cm™ were due to Fe-O or/and
Fe-OH stretching modes of Fe;04.2% It was seen that the FT-IR spectrum
corresponding to the maximum dose (2.635 kGy) was slightly affected by
the irradiation. In this spectrum, the peaks attributed to Fe;O4 were
modified to some extent, when subjected to irradiation. Thus, TEM and
DLS study indicate growth of the dispersed Fe3O4 particles in FFK, like
that of FFW. It was also revealed that in FFK, the growth was not much as
predicted in the later case. We consider that, in case of FFK the number of
particles undergoing size alteration was minimal. The maximum energy of
the y-photons may have been used up in forming defects in the MNPs.
Only a fewer particles could succeed in irradiation induced recrystallization
and came out with bigger particle dimension. Therefore, there is no shift in
the peak position corresponding to Fe304.

Fig.5.3(c) depicts the FT-IR spectra of FFG that were irradiated with
five different doses namely, 32, 97, 272, 878 and 2.635 kGy. The different
vibrational modes of the constituent material of FFG were in the same
position after and before the irradiation for all the applied y- doses. The
conventional peaks appearing at ~3403 and 2400 cm™ represent the
respective signatures of O-H stretching and C-O stretching of
atmospheric water and CO; molecules.[' The CH;3 and CH; bending
modes of ethanol occurred at ~1384-1392cm™ and 1452-1569 cm™;

138



Chapter 5: y-irradiation effect on ferrofluids

respectively.?2 The peak at ~1058 cm™ is responsible for stretching mode
of functional group CO of ethanol.?? The weak band at 2980 cm™ and the
sharp band at 1550 cm™' indicate the presence of CTAB in the samples.!
It was evident that the vibrational features corresponding to the Gd-O
bonds at ~536 cm™ have been influenced by the irradiation effect.’”*! It was
observed that with increasing y-dose of radiation, the peak became more
prominent. But an anomaly in the Gd-O vibration mode with
discontinuities and less intensity profile was observed in sample irradiated
with a dose of 878 Gy. Defects like oxygen vacancies are very common in
oxide compounds. Also, some Gd vacancies produced during synthesis
may also exist in the system. In fact, the creation of a large number of free
electrons by the energetic y-rays (1.25 MeV) can be associated with defect
formation. The observed variation in the metal-oxygen bond vibration with
increased dose can be correlated with the increased defects upto a certain
dose, where the defects get saturated by distributing themselves along the
grain boundaries and on the surfaces. We speculate that the uneven
distribution of defects and introduction of adequate inhomogeneity could
have led to the discontinuities in the vibrational features. Along with the
Gd-O vibration mode, the peak corresponding to ethanol at ~1058 and
1452-1569 cm™ were also getting modified in intensities due to the
irradiation effect. Reports have showed that ethanol is inactive to -
irradiation.”*” Here, ethanol is not acting as a single identity, rather it is
used as a carrier fluid of the ferrofluid. Thus the variations with respect to

vibrational response can be truly conditional.

5. 3. Photoluminescence study

The influence of light on the nature of radiative transition in material
systems makes PL spectroscopy an important tool for material
characterisation and application. Intra- and inter-band transitions can be
visualised by PL studies. The room temperature PL spectra (Aex= 270 nm)

of unirradiated and irradiated FFG are shown in Fig.5.4(i). The asymmetric
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Fig.5.4: (i) PL spectra of unirradiated and irradiated FFG with dose (a) 32 Gy, (b)
97 Gy, (c)292 Gy, (d )878 Gy and (e) 2.635 kQGy, (ii) Energy level diagram of Gd**

peak at ~355 nm, due to the °P7;, -°Syp, transitions [Fig. 5.4 (iii)] of Gd
() ion of the unirradiated FFG is red shifted to 390 nm after y-
irradiation. It is considered that the overall PL spectrum is a superposition
of band to band and the defect related transition (discussed in Chapter 2).
As discussed in Chapter 1, the photoluminescence is a consequence of
transition of electrons from the excited energy level to a lower energy
level. The shift of a luminescence peak either towards red or blue is
related with decrease (red shift) or increase (blue shift) of the energy
difference between the transition levels.?®. In nano dimension, the red
shift or blue shift of luminescence peak may occur under different
conditions. The most commonly occurred shift of PL peak in nanomaterials
is owing to the size variation.””?® The shifting of the peak is also
dependent on various experimental condition viz. temperature,[zgl
pressure® etc. In our case, we discard all these possibilities (variation in

size, temperature or pressure). In contrast, it is considered that besides

the already present vacancies in the system, plentiful metastable surface
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Fig. 5.4(ii): Deconvoluted PL spectra of irradiated FFG with dose (a) 32
Gy, (b) 97Gy, (c) 292 Gy, (d) 878 Gy and (e) 2.635 kGy
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states (defect states) were created due to ty-irradiation. Along with the
shifting of the main peak towards higher wavelength, the abrupt change in
symmetry signifies a remarkable improvement in the emission process via
intermediate states, created by -irradiation. As mentioned earlier, during
exposure of y-radiation, electrons are emitted due to the interaction of
high-energy photons with the medium through the Compton effect. These
electrons can be accommodated in the pre-existing oxygen vacancies. In
oxide systems, an electron in oxygen vacancy results in F* centres.®"! The
surface defect states are positioned well below the lower end of the upper
energy level. It is the transition via these surface states that has resulted in
the red-shifting of the emission peak, thus obstructing direct band-to-band
transition significantly.

In order to correlate the amount of defect formation, asymmetry
introduced and y-dose, we have performed deconvolution mechanism on
each of the PL spectra [Fig. 5.4(ii)]. Upon deconvolution, two distinct
Gaussian peaks with variable intensities were obtained. The first peak
positioned at ~355 nm is band-to-band (®P72 >8S712) emission. The
second peak is recognised as a defect-related peak and located at ~410
nm, for all the irradiated FFG samples. Irradiation dependent variation in
the peak intensity would describe the nature of radiative transition
undergoing in a given specimen. Emission as a result of
formation/annihilation of additional defect centres manifests the definite PL
intensity in a selective way. For the sake of clarity and better
understanding, we have estimated symmetry factor (S) and correlated with
the intensities of the deconvoluted peaks with respect to the original peak.
Note that right symmetry (Sgr) is related to the defect emission process
whereas left symmetry (S,) is associated with the band-to-band emission.
Here, right symmetry factor is defined by (Ay-Ar)/ AA with Ay representing
peak-wavelength corresponding to the main peak, Ag is the wavelength on
the right-hand side of the FWHM and AA= Ag- A, AL being the half-width
wavelength on the left-hand side of the FWHM. Fig.5.5(a) represents the
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variation of relative right symmetry factor as well as relative intensity (//,
I, being the intensity of the defect emission after deconvolution with /

being the intensity
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Fig.5.5: Variation of relative intensity and relative symmetry factor vs. dose
corresponding to (a) defect related emission, (b) band-to-band emission
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of the main peak) obtained from the deconvolution. Similarly, the
respective variations for the band-to-band emission can be shown in
Fig.5.5(b) with relative intensity as /i/1 (/4 is the intensity of the
deconvoluted band-to-band emission) and relative symmetry factor S,/S
(S. is the left symmetry factor of the unirradiated sample). Interestingly, it
was found that the relative intensity and symmetry factor changes in a
similar fashion with increasing dose, thus indicating direct relation between
these two measuring parameters. In PL spectroscopy, the intensity is a
measure of the number of radiative transitions while symmetry signifies
the nature of radiative centres (energy spacing, order, etc.). The non-linear
nature of the curve indicates the simultaneous effect of defect
formation/passivation in the irradiated system. By and large, it is expected
that the formation and annihilation processes compete each other until
stable energy states (defect states) are created. First, with the increase in
dose from 32 to 97 Gy, we observe drastic reduction in the relative PL
intensity which may be ascribed to adequate passivation of surface
defects. Surprisingly, further increase in dose to 292 and 878 Gy is
characterised by a significant enhancement of I/ ratio. At the highest
dose (2.635 kGy), we notice further reduction of //l. The relative symmetry
factor (Sg/S) also gives a similar pattern. Reduction of defects makes the
overall PL spectrum more symmetric with suppresséd right symmetry
factor. The y-ray induced defect creation is not an indefinite process and
we speculate that the defects get saturated after a critical dose. The

defects could exist in the form of vacancies, interstitials, antisites, etc.

5.4. Magneto-optic response of gamma-irradiated ferrofluids
(i) Faraday rotation

The y-irradiation effect on Faraday response of FFW, FFK and FFG
are shown in Fig.5.6:(a),(b), and (c); respectively. The FR measurement

was carried out for at a working wavelength of 632.8 nm. A quick look at
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Fig.5.6(c): FR of unirradiated and irradiated FFW

the figures indicates that the FR gets enhanced with the irradiation dose,
for all the FFs. As the Verdet constant is a characteristic material
parameter, it could give a quantitative picture of FR response in the
material. The quantitative variations of the Verdet constant (V) for each of
the FF cases are shown in Table 5.2. It is apparent that the parameter
showed an improved magnitude due to irradiation impact except for a

given dose: 878 Gy of FFG.

Table 5.2: Verdet constant for unirradiated and irradiated ferrofluids

FFW FFK FFG
Dose Vv Dose 4 Dose vV
(Gy) | (deg/G-cm) | (Gy) | (deg/G-cm) | (Gy) | (deg/G-cm)
0 0.64x107% 0 0.47x107 0 7.7x107
878 | 0.65x107° | 878 0.49x107 | 878 7.3x107
2635 | 1.15x107 | 2.635 | 0.77x10° [2635| 7.8x107
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The ninefold enhancement of FR can be attributed to the structural
reorganization of the dispersed nanoparticies. In Fe;O4 system, 3d
electronic states of iron are generally responsible for the magneto-optic
effect.® The cations (Fe* and Fe?') occupy the tetrahedral A and
octahedral B sites. They interact with the oxygen localized states which
are already present in the vicinity of their neighbouring environment. The
FR takes place due to the intervalence charge-transfer transitions (energy
order ~0.6 eV) between neighbouring Fe®* and Fe’* ions.B3*3 Again,
depending on the position of the metal ions on site A or B, the distance
between them is also different. The separation between the two metal ions
when they are in two B sites is smaller than if they are in A and B site.
Under normal condition the electron hopping between B-B is more
preferable than B-A as electron hopping depends on distance between
ions involved.®® Further, in nanoscale dimension, the finite size effect of
MNPs leads to tremendous change in the magnetic ordering.®® Whereas,
magnetization decreases with size.’’). So, with the reduction of size, the
number of possible sites responsible for the FR would decrease.
Conversely, the ratio of Fe?* / Fe*" will be higher in a bigger particle than
the case of a smaller one. In the host lattice, y-irradiation can cause
modification by annihilating/creating point defects.”® This is also
supported by our observation revealed through different spectroscopic
tools. The irradiation leads to the alteration of the total number of oxygen
vacancy sites of the Fe;Os system which in turn influence the charge
transfer process. In addition, Eq.3.1 of Chapter 3, shows that chain
formation plays a crucial rule in the FR of FF. The effective magnetic
interaction between the two magnetic nanoparticles can be described by a
[39)

coupling constant (A) given by:

_ mpox®H%d?
A= 72kgT (5:3)

The coupling constant is the ratio of the magnitude of maximum interaction

energy to the thermal energy (kgT) in the system. Here, a is the diameter
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of the MNPs and y is the effective susceptibility of individual MNPs. The
favourable condition for chain formation of the dispersed particles is A >>1.
At a specific applied field, the bigger particles are more prone to the
chaining effect than the smaller ones. The higher the number of chain
forming capacity, the larger would be the FR in a given FF specimen.
Now, between the two Fe;0, based systems (FFW and FFK), the electron
microscopy and light scattering study have revealed that the specimen
FFW would show substantial growth of the dispersed nanoparticle due to
the y-irradiation. The irradiation lead growth of the particles in the other FF
was not that significant. It was also predicted that only a fewer particles
undergo size broadening in FFK. Rather, the most of the MNPs in FFK
were modified by the defect formation. As y-irradiation is capable of
creating oxygen vacancies, the enhancement of FR upon irradiation can
be a combined effect of size broadening and defect creation.

In the rare earth oxide (Gd.Os3) system, the effect of y-irradiation on
FR shows some abnormal behaviour. Though the FR get enhanced for a
y-dose of 2.635 kGy, irregularities were observed for the dose of 878 Gy.
The values of the Verdet constant (table 5.2) was also found to be smaller
than that of the unirradiated value for this dose. We know that magnetic
properties of Gd compounds depend on the surrounding environment of
the Gd*" ions. It was ensured from different characterization techniques
that during the y-irradiation, some new defects were formed and some pre-
existing defects get annihilated in FFG. The formation of voids and
dislocation in the irradiation (dose: 2.635 kGy) induced Gd,0;
nanoparticles is clear from the HRTEM image. Interestingly, the FT-IR and
PL study also hint irregularity in case of use of the y-dose of 878 Gy. It was
anticipated that, the limit of formation/annihilation of defects is the dose
878 Gy. The FR as well as the corresponding Verdet constant get
enhanced when creation of defects supersede annihilation process. In that

case, light has to traverse a longer path due to enhanced optical path
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= — ]
length resuited from surface defects. Owing to higher stability of Gd20;
against defect modification, the enhancement of FR in case of FFG is

comparatively less than the other two types of FFs.

(ii) Linear dichroism

The influence of y-irradiation is also prominent in ancther type of
magneto-optic effect (linear dichroism) exhibited by the FFs. As shown,
Fig. 5.7(a), (b) and (c) reveals the irradiation effect on the LD response of
the FFs for two doses: 878 Gy and 2.635 kGy. A close look on the figures
indicate that dichroism response is adequately suppressed by +irradiation
effect. The unirradiated samples showed a much higher LD response than
the irradiated samples. Though the irradiated samples measure low LD
responses, the trend with applied magnetic field is quite similar for all the
cases. The LD increases with the external applied field in unirradiated as
well as in y- irradiated FFs and seems to get saturate at higher magnetic
fields. As discussed earlier, the field induced optical anisotropy is the root
cause of LD exhibited by FFs. The oscillating dipoles of interacting
particles generate optical anisotropy. The electric field produced by an
individual oscillating dipole depends on the position vector whose origin is
at the particle or oscillating dipole centre and on the dipole moment (refer
to £q.3.6 of Chapter 3). As discussed earlier, formation and annihilation of
defects (e.g. oxygen vacancy) in the oxide systems are expected during
the irradiation process. The magnetic moment of any magnetic material
arises due to its spin and angular momenta. In many materials, the
angular momenta decreases sharply with defects.®® The potential
associated with the defect is affected by the electrical charges of the
nearby atoms. The free circulation of these electrons is hindered by the hill
and valleys produced due to the electrical charge imbalance in the
neighbourhood.*® Thus, the total angular momentum as well as the dipole
moment gets quenched with the defects. The dispersed nanoparticles in

FFW and FFK have also undergone size variation due to the irradiation.
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The particles of these systems show substantial growth with y-doses. Also,
light had to travel a longer distance in bigger particles. The bigger particles
form chains/structures with less difficulty than the smaller ones. Thus, the
distance between the interacting particles of a chain also increases. In
other words, the position vectors get enhanced with size variation. The
electric field of the interacting particles decreases with decrease of dipole
moment and increase of position vectors. This combined effect of
guenching of dipole moment and enhancement in position vectars of the

irradiated FFs gives an overall decrease in the LD response.

5.5. Concluding remarks

The synthesized FFs were irradiated with y-radiation with doses 32-
2635 Gy. The irradiation process has led to substantial growth of the
dispersed particles, but to different extent, in different carrier media e.g.,

from an average size of ~9 to ~48 nm in FFW and from ~9 to ~18 nm in
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FFK. Spectroscopic studies indicate that some pre existing defects were
annihilated and some new defects had been created due to the y
irradiation. To be specific, a correlation between intensity and symmetry of
the PL peaks of y-irradiated FF has been established. y-irradiation also
influences the magneto-optic effects of FFs. The enhancement of the
Verdet constant (maximum ~70%) is an important consequence of the -
irradiation. In contrary, LD gets quenched (maximum ~ 35%) due to the

irradiation.
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FFs are basically colloidal systems comprising of surfactant coated
magnetic nanoparticles suspended in an appropriate carrier fluid.!"?
Different properties viz. physical, chemical, magnetic etc. can be
adequately governed by the constituents of a FF. The morphology (shape
and size) and structure of the MNPs play a crucial role in determining the
overall properties of a FF.B45 The selection of an appropriate surfactant
for coating the MNPs is definitely not an easy job while stability of FF is
largely controlled by the surfactants.® The role of surfactant in the FF
synthesis is also one of the frontline areas of research. Additionally, the
carrier fluid could influence the flow property of the dispersed particles of a
FF.11

6.1. Comparison of magneto-optic responses

It is known that different irradiation (photons, charged particles etc.)
events/processes may lead to adequate surface passivation of the
nanoparticles in ferrofluids.®® Consequently, the overall FF properties get
madified by the creation and annihilation of defects on the MNPs due to
irradiation impact. Nanoscale defects are created/ annihilated at the cost of
energy loss of the incident radiation. The radiation-matter interaction
process is specific to the type of the radiation and the material surface. The
energy of the radiafion plays a crucial role in this regard. The present
chapter highlights a comparative analysis of MO responses exhibited by
different unirradiated as well as irradiated FFs for the excited wavelength
632.8 nm. Two types of irradiation process namely, low energy ion
irradiation (80- keV Ar-ion) and y-irradiation (dose: 2.635 kGy) were
considered in this context. For better understanding on the role of the
constituents, FFs viz, FFW and FFK were selected for this study. These
are oleic acid coated Fe304 based FF. They differ in their respective carrier
fluids. Milli-Q-water is the carrier of FFW whereas, MNPs were dispersed in

kerosene in case of FFK.
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6.1.1. Faraday rotation of Fe;04 based ferrofluids
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Fig 6.1: FR of (a) unirradiated and (b) 80-keV Ar-ion irradiated MNPs based
FFW and FFK
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Fig 6.1.(c): FR of y-irradiated FFW and FFK

The Fig. 6.1(a), (b) and (c) reveal the comparison of the FR
response for unirradiated, Ar-ion irradiated MNPs based and y-irradiated
FFW and FFK. The excited wavelength is considered as 632.8 nm for all
the cases. As can be observed, both the samples have followed a typical
increasing trend of the FR response before attaining saturation. But the
response is comparatively large at a definite field in case of FFW. The FR
responses in both the FFs are attributed to the Fe?* and Fe* charge
transfer in Fe304 particles. It is mentioned in Eq. (3.1) (refer to Chapter 3)
that, the FR of a FF is dependent on the magnetization, saturation
magnetization of the MNPs and therefore, on the formation of chains at a
definite magnetic field. All these properties are dependent on the size of
the colloidal particles. In our case, the size of the dispersed particles of
FFW and FFK in both the unirradiated and Ar-ion irradiated systems is

quite similar as predicted from different characterization tools (viz. XRD,
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TEM analysis of Chapter 4). Hence, size is not an effectivé parameter in
these cases. Secondly, the role of carrier fluid on the FR cannot be
ignored. The concerned FFs contain milli- Q water and kerosene as carrier
fluid. These two liquids differ in many aspects as far as physical properties
are concerned (appendix If). A theory of hydrodynamics predicts that the
viscosity of a carrier fluid influences the overall magnetization of the FF."0
Again, as the dispersed MNPs move along the field direction through the
carrier fluid, they experience a viscous drag force (F,). This viscous force
hinders the structure evolution in the FF. This force can be expressed
as:""

E, = nuC, (6.1)
Here, n is the viscosity of the carrier fluid, u is the drift velocity and C, is a
size dependent drift coefficient. Thus, assuming the size of the MNPs
fixed, the drift velocity is mainly controlled by the carrier fluid viscosity. The
larger the viscosity of the carrier fluid, the smaller will be the orientation of
the dispersed particles towards the applied field direction. In other words,
the particles can pile up constructively and align along the field direction
more easily in a less viscous fluid and vice versa. In our case, the viscosity
of kerosene is about 1.5 times larger than that of milli- Q water. Therefore,
corresponding to a given field, the chain formation will be more effective in
FFW than the case of FFK. The FR is thus more sensitive in the former
case for a chosen wavelength of light. Eq. (3.1) suggests that FR of FF is
directly dependent on the chain length of the dispersed particles. This also
supports our experimental results i.e., noticeable lagging of FR of FF with
kerosene as carrier than that of FF with carrier fluid water, at a particular
magnetic field.

Moreover, the difference between the two FFs in the FR response is
quite large when the FFs were irradiated with the y rays [Fig.6.1(c)]. Note
ihat there was substantial growth of the nanoparticles (refer to Chapter 5)
due to the v-irradiation. The enhancement was comparatively more in FFW

than that of FFK. With increase of size, the magnetization of the particles
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also increases.['? It is expected that the bigger particles would form chains
more rapidly. Thus, the enhanced FR response of y-irradiated FFW than
FFK is attributed to the bigger size of the MNPs as well as the larger
viscosity of the carrier. Table 6.1 shows the enhancement of the Verdet

constant of the two FF for different condition.

Table 6.1: Verdet constant (deg/G-cm) of FFW and FFK for different

conditions

condition FFW FFK
unirradiated 0.64x107 0.47 x 107
lon irradiation 0.7 x 107 0.5x 107
y-irradiation 1.15x 10 0.77 x 10

6.1.2. Linear dichroism of Fe;04 based ferrofluids

Fig. 6.2 shows the comparative linear dichroism response of two
Fe;O4 based FF namely FFW and FFK. It is observed that the LD
response of both the FFs in all the cases [(a)unirradiated, (b) ferrofluid
prepared ion irradiated particles and (c) y-irradiated] follow the same trend
with increasing magnetic field. But it is quite higher in case of FFK than that
of FFW. As discussed in earlier chapter (Chapter 3), the LD response is
due to the field induced optical anisotropy in FFs. In a FF, with increase of
the applied field, the dispersed particles undergo structural transformation
from separated particles to chains and then bundles of chains. As the
number/length of chains increases, the optical path within the nanoparticles

also increases.
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increases. Light scatters more from a comparatively longer chain than
single particles or shorter chains. Referring to Eq. 6.1, it is considered that
the number/length of chains will be more in FFW than that in the case of
FFK. Owing to the less viscosity of water, the dispersed particles in FFW
can easily move in the carrier than in FFK with kerosene as’carrier. In
FFW, the particles align themselves toward the direction of the applied
magnetic field with less difficulty than in the other concerned FF. Thus, the
reduced LD response of FFW is attributed to the longer chains formed by
the dispersed particles. Viscosity of the carrier plays an important role in

determining the LD response of FF.

6.1.2. Irradiation effect on Faraday rotation of FFW

The FR response of FF varies with different irradiation processes.
Fig. 6.2 shows the normalized FR response of FFW and its variation with
Ar-ion and +y-irradiation. As discussed earlier, both keV scale energy ion

irradiation and y-irradiation induce numerous defects in nanoparticle
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systems. In general, nanosystems contain plentiful defects
oxygen vacancies!' " are dominant in oxide nanostructured systems.
Interaction between an oxide surface and energetic radiation (keV ion and
yirradiation) is capable of forming and annihilating oxygen vacancies.!' 18
The creation of large number of free electrons during irradiation process
also take part in the formation of charged defects like oxygen vacancy. The
number of defect formation during irradiation process depends on the
energy loss during irradiation process. It is the energy release to the
external surrounding within the specimen that decides defect manifestation
and structural evolution. y-radiation is the most energetic electromagnetic
radiation with energy scale greater than 100 keV. Thus, yradiation is
capable of forming more defects than 80-keV Ar-ions. Secondly, in case of

former type of irradiation the defect creation is expected to be
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homogeneous as the FF specimen as a whole was subjected to irradiation
in a closed chamber. In the later case, however, since the particles were
first irradiated prior to making FFs, the defects may have been restricted to
surface only.

Different characterization techniques have revealed no significant
change in morphology and chemical composition of FFW prepared with Ar-
ion irradiated Fe;04 nanopatrticles. Thus, the only possibility of the modified
FR of Ar-irradiated FFW as compared to the unirradiated one is due to the
defect formation in the MNPs. The newly formed defects could alter the
mechanical strain as well as optical path length of the particles. The optical
path of the incident light has to travel a larger distance due to the formation
of charged defect sites in the irradiated sample. On the other hand,
substantial particle growth was observed in case of y-irradiated FFW. Due
to the particle growth, the number of Fe?* and Fe*" ions will also be more in
the irradiated FFW. The chain formation also takes place more easily in
case of bigger particles. In addition to the particle growth, newly formed

defects have resulted in the improved FR of y-irradiated FFW.

6.2. Concluding remarks

The comparative analysis of different Fe;04 system based FFs
namely; FFW and FFG reveal that the viécosity of the carrier is an
important parameter in determining MO responses (FR rotation and LD) of
FFs. It is less significant in case of highly viscous carrier fluid. The Verdet
constant is ~25% more in case of FFW than the former one owing to the
large viscosity of kerosene. The keV scale-energetic ion irradiation and v
irradiation also affect the FR of the FF appreciably. The irradiation lead
maodification of the FR response of FFW depends on the energy loss of the
incident radiation during exposure. To be specific, irradiation induced
defects and growth of the MNPs have caused enhanced FR response. As
compared to the pristine FFW, the Verdet constant is enhanced by ~ 70%

and ~10% in case of y-irradiated and ion irradiated samples respectively.
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7.1. Structure transition in ferrofluid

Ferrofluids or magnetic fluids are very rich in structure formation. As
mentioned in previous chapters, FFs exhibit unusual property of particle-
chain formation."? We have showed (supported by literatures) that the
most effective MO and MV effect of FFs come into reality due to the
particle chaining effect. The underlying mechanisms of chain formation,
kinetics as well as the dynamics of these chains are demanding both in the
field of experimental and theoretical research. The mystery of chains
continues to be an interesting problem since the discovery of FF till date. In
the past, the evidence of field induced aggregations/structures of FF were
found in many studies e.g. dichroism,® Raman scattering,'! electron
microscopy,’” small angle neutron scattering (SANS),® atomic force
microscopy (AFM), light scattering® etc. Popplewell et al observed a
chainlike structure in tin and copper FFs while studying the dichroism in the
microwave region. They presented an image of linear arrangement of
particles under an external magnetic field applied parallel to the slit
containing the particles.® Decades ago, it was seen that magnetic
nanoparticles (Co) in a colloidal solution under goes a reversible process of
different structures.l'” First, as the external magnetic field was switched on,
the particles form linear chains along the field direction. These chains
became floppy after the removal of the field and then folded into three
dimensional coiled like structure with gentle agitation. Under vigorous
agitation the coiled broke down into smaller units and then turned into
homogeneous colloidal solution upon ultra sonication. Some better
attestation of magnetic field induced structural evolution of Fe3;O4 based FF
emulsion is also presented in another report.""! The detailed structural
evolution of the dispersed particles of a FF was found in a light scattering
study'? in which time-dependent intensity and scattered pattern of
particles were recorded. Intensity variation and patterns.formed by the
scattered light indicated several critical fields. The zippering effect of chains

was correlated with these pattern formations.
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The phase diagram of chaining effect is also regarded as an
important topic in many theoretical and simulated studies. Long back,
Krueger attempted to estimate the equilibrium chain lengths in magnetic
colloids.[® Assuming the grains of identical size, the average number of
grains per agglomerate was calculated in that report. A similar effort was
also made in a recent study of FF with large but finite aggregates of
magnetic dipoles.”¥ It was seen that with increase of size, the aggregates
form chains and rings to multi chains and muilti rings due to the competition
among various energy terms. To unfold this phase diagram different

[18]

models viz. Monte Carlo modelling,"™ molecular dynamics,"® Brownian

dynamics!"! etc. were employed. Now-a-days, most of the reports on

(18201 Combining nuclear

chains are based on computer simulation.
magnetic resonance and molecular simulations, Heinrich etal have
elaborated the structure formation in magnetic colloid with strong dipole-
dipole interaction.?"! They reported that the aggregation dynamics of ionic
magnetic colloids (like, FF) endure subsequent stages of evolution in a
homogeneous magnetic field. The different subsequent structural stages
were characterized by increasing hierarchical ordering. Researchers also
study the chaining mechanism using a two particle theory,?? instead of that
all particle are strongly interacting (check the correctness). Recently, a
statistical-mechanics and corhputer simulation based dipolar hard sphere
model is reported for construction of the pair distribution function (PDF).?%
This report stipulates that the PDF depends not only on the length of the
pair separation vector, but its orientation with respect to field is also equally
important.

Besides these stated reports, research is still on so as to evaluate
the exact saturation value of the chain length in on/off mode in an external
magnetic field. Basically, chain aggregates in magnetic colloid is treated
with two approaches. First one is termed as dynamic method.?>?* In this
method, the recombination of particle is considered as a reversible

chemical reaction. The other approach is free energy minimization.?! In
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Fig.7.1: Schematic of structural evolution in a FF with increasing
magnetic field
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the later case, the free energy is considered as a function of chain
distribution density. Unfortunately, the problem of structural transition of
magnetic fluid/FF brings in cumbersome task. The actual FFs are mostly
poly-disperse. For the sake of convenience and ease of modelling only
mono-disperse or bi-disperse cases are considered.

Here, an alternative method is endeavoured in perspective of
estimation of chain length in FFs under study. The importance of MO /MV
effect and its correlation with chain length is elaborated in previous
chapters. Here, we associate these effects analytically so as to correlate
the chain length with different physical parameters in the light of fluid
mechanics. The respective parameters have been obtained from the FR
response or/and MV effect studied under a select wavelength and shear

flow condition.

7.2. Dimensional analysis

Dimensional analysis is a widely employed technique in science. It is
used for design, ordering and performance of model tests. More precisely,
dimensional analysis clarifies and explains relationship among different
physical quantities by their dimensions.”® Though it does not give an
absolute analysis; it is a better tool for complete understanding of a
problem. Dimensional analysis can also be used to accumulate the results
of experiments in a concise, easily reached forms so that the broadly
applicable general form can be attained from a small test. It is a general
process of removal of units which ultimately removes the conversion

factors.

7.2.1. Methods of dimensional analysis
If the number of variables associated with a physical phenomenon is
known, then dimensional analysis can be done with the help of the

following methods:
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(i) Rayleigh’s methods
This method is used to determine the expression of a quantity which
depends up to a maximum of three to four variables. If the number of
independent variables are more than four, it is very difficult to find the
expression for the dependent variable by this method. The main drawback
of this method is that it does not provide any information regarding the
number of dimensionless groups to be obtained as a result of dimensional
analysis.?"!
In Rayleigh’s method, a variable is expressed in the form of an
exponential equation which must be dimensionally homogeneous. Suppose
X is a variable which depends on Xj X, and X5. Then according to the

Rayleigh’s method:

X = f(X1,X2,X3) (7.1)
Eq. No.7.1 can be written as:

X =C(X& X2, x5 (7.2)
Here, C is a constant and a, b and c are arbitrary exponents. By comparing
the powers of the fundamental dimensions of both sides, the values of the

arbitrary powers can be calculated.

(ii) Buckingham’s 7 - theorem

The Buckingham m - theorem is an extensively used theorem in
dimensional analysis. It is an improvement over the Rayleigh's theorem.
The problem of facing more number variables in Rayleigh’s theorem can be
overcomed by this theorem. It gives a relation between a function
expressed in terms of dimensional parameters and a related function in
terms of non-dimensional parameters. The Buckingham's 7 - theorem
states that in any physical problem where there are “q" quantities (e.g.
velocity, pressure etc.) involving “d’ basic dimensions (e.g. mass, time,

length etc.) needed to describe the problem, these quantities can be
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rearranged into at most (g-d) independent dimensionless parameters.?®!

These dimensionless terms are called r -terms.

Mathematically, if a variableX;, depends on independent

variables X,,X3, X4eeeeeneeen. X,, then X; can be written as:
Xy =f (X2, X3 Xy .. Xy) (7.3)
or, , fi( X1, X2, X3 X4 o Xp) =0 (7.4)

If there are m fundamental dimensions, then according to the
Buckingham’s n—theorem Eq.7.4 can be written in terms of m — terms in

which number of 7 —terms is equal to (n — m). Hence Eq.7.4 becomes:
fi (n 1, T, Ty, ....nn_m) =0 (7.5)

Each m-term contains (m + 1) variables. The m variables that appear
repeatedly in each m-term are called repeating variables. The repeating
variables must be such that they themselves should not form any
dimensionless quantity and must contain jointly all the fundamental
dimensions present in the problem. If X,,X;, X, are considered as repeating
variables and if there are three fundamental dimensions (say M, L,T), then
each n-term will be in the form:

b c
o= XX XX

a b c
T, = Xzz.X32.X42.X5

— An-m ybn-m yCn-m
Mg = XSn=m_xPn=m yn-m y

where a,, by, ¢;; a,, b, c, etc. are constants. These constants are
determined by considering dimensional homogeneity. The final general

equation for the phenomenon may be obtained as follows,
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7.2.2. Error analysis
The error/funcertainty creeps into all experimental data in spite of

adequate care is extended to calibration and data acquisition process.
Analysis must be performed on all experimental results to ease out
uncertainty and restrict into minimal errors. The accuracy of an experiment
is limited unless it is scrutinized by error analysis. While performing an
experiment, errors come out due to various reasons, viz. the faulty design
of the experimental setup, insufficient data, lack of calibration etc. The
errors can be of different origin and nature. They may be random errors,
fixed errors (appear in repeated reading by the same amount but for

unknown reasons) etc.””!

(i) Uncertainty analysis
The errors in the experimental data lead to some extent of

uncertainty in the results. Thus, the amount of uncertainty has to be
calculated in a definite way. Based on specification of the uncertainty in the
various primary experimental measurements, Kline and McClintock
proposed a method to estimate the uncertainty in experimental results,

given by:*%

W= () + () ] 76)

0x, dx,

Here, R is an experimental result and function of independent variables

X1, X2 X5 ...., the uncertainty in the result is W, and that in the independent

variables are w,, w, ws......

7.3. Analytical calculatioh of chain length in ferrofluid
We have studied the FR response of the synthesized FF as well as
of irradiated FFs. The experimental observations intimate enhanced FR as

a result of low energy ion and y-ray irradiation. A significant modification of
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the value of the Verdet constant due to the irradiation effect is also
observed. Basically, the chaining effect is responsible for the observed
magneto-optic effect in FF. It is seen that the FR first increases with field
and then tends to saturate. On the other hand, the saturation indicates the
limit of a chain. Zippering or bundle of chains starts from the saturation
point. The magnetic property of FF also governs the Faraday response.
Eq.3.1 (Chapter 3) evidently signifies the dependence of FR on
magnetization and chain length. Again, the chaining effect is expected to
be controlled by the particle size, magnetization and other parameters
(coupling constant, Eq.5.1 of Chapter 5). We have measured the
magnetization of our samples in a hysteresis loop tracer kit (Model HLT-
111).

During the course of study of the FR of different FFs, it was noticed
that the viscosity of carrier fluid plays an important role (Chapter 3). The
larger the viscosity of the carrier fluid, the smaller is the response. As
discussed in the previous chapter, the viscous force acts as a hindrance to
the chain formation. Thus, the FR as well as the Verdet constant decreases
with increase in viscosity of the fluid.

FR of FF has been studied under different conditions till date. Report
shows that it also depends on the concentration of FF (reference 22 of
Chapter 3). The chain length at a given field is found to be linear with
concentration. This linearity in turn, makes the FR dependent of
concentration dependant. The concentration of any ferrofluid is expressed
in terms of v/iv or wt/v. It mainly signifies the density of the dispersed
particles with surfactant coating.

In a FF the dispersed nanoparticles experience translational motion
under a magnetic field. The translational motion is characterized by both
translational and rotational motion. In other words, the particles endure
magnetic force driven diffusion process. The overall change of the particle
concentration is more important than the individual velocity and trajectory

of the particle in such condition. In a FF flow, the velocity gradient plays a
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crucial role in chaining effect. The gradient of velocity in any flowing
material can be expressed by one term, i.e. shear rate. It has been
reported earlier (Ref. 59 of Chapter 3) that shear rate has a significant
influence on the particles’ chain in a definite FF. With increasing shear rate,
the agglomerations or the chains break down resulting in non Newtonian
nature of FF. Thus the transformation of the optical property of FF with
shear rate is much expected like MV effect.

On the basis of the above discussion, we try to find an empirical
correlation of FR response in terms of different factors. For the
convenience of dimensional analysis by Buckingham's m — theorem, we
consider the Verdet constant, rather than the rotation itself. First it is
supposed that, the Verdet constant (V) of a FF is a function of: chain length
(N, particle diameter (D), viscosity of the carrier fluid (), particle density (p),
magnetization (m), shear rate (y).

Mathematically, it can be expressed as:

V=FfLDn™tpmy) (7.7)
Or, AW, LD pmy) =0 (7.8)
Thus, the total number of variables = 7.

In order to find the total number of fundamental dimensions, we

express each of the variables in terms of their dimensions as follows,

V=M"1L71Q (rad/T-m) =L (m)

D=L (m) 7= M7LT (Pa.s)’
p=ML® (kg/m®) m= L71T~1Q (A/m)
y=T7"(s")

The total number of fundamental dimensions=4 (M, L,T and Q)
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According to the Buckingham'’s - theorem, total.number of 7 terms=
3. Consequently, three m — terms (say, m; m, and m; ) are formed. Now,

equation 7.7 can be rewritten as:
fi(mm2,m3) = 0 (7.9)

Selection of repeating variables

In this problem, we find that total number of fundamental dimensions
is four. Therefore, out of the seven quantities (V,[,d,u"%, p,m,u), four
variables must be chosen as repeating variables. Being the dependent
variable, V is discarded from selecting as repeating variable. We consider
l,p,m,y as repeating variables as the fundamental dimensions M, L,T and
Q are present in them and they do not form any dimensionless term.

- Now, the three  terms are selected as follows:

mo= % yblpclmdlv

T, = lazybzpCZdeTI—l

my = [ByP3ptamdsp

Each 7 term is solved by the principle of dimensional homogeneity
as follows:

- term:

ML'T°Q" = L% (T~ V)b (ML™3)S, (LT 1Q)%. (M~1L71Q)
Comparing the exponents of M, L, T and Q respectively,
ForM:0=¢, -1
ForL:0=a, -3¢, —d; -1

ForT:0=-b, —d,
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ForQ:0=d, +1
Solving these, we get, a; =3, b, =1, ¢c; =1and d, = -1
~my = Bypm™V

M, -term:
ML'T*Q" = L% (T~Y)b2 (ML™3)C2. (L™*T~1Q)%. (M~LT)

Comparing the exponents of M,L, T and Q respectively,
ForM:0=¢,—-1
ForL:0=a,~3c,—d, +1 .
ForT:0=—-b,—-d, +1
ForQ:0=4d,
Solving these on equal footing, we get, a, =2, b, =1, ¢, =1 and d,=0
wmy = Pypn™
n3- term:
M°L'T°Q" = L% (T~Y)bs, (ML™3)%. (L71T1Q)%. L
Comparing the exponents of M, L, T and Q respectively,
For M:0 =c;
Forl:0=a3—~3c;—d;+1
ForT:0 = —b3 —d;
For Q: 0 = —d4
Solving these, we obtain, a3 = —1, b3 =0,c; =0and d; =0

S M3 = l—lD
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Substituting the value of m, m, and w3 in Eqn. 7.8 we get,

fi(Bypm™V,?ypn~', 171 D) (7.10)

Or, Bypm™V = c(l?ypn~ )P (I"1D)? (7.11)
Here, cis a material specific constant. Now, taking /n on both the sides,
In (Bypm=V) =In [c(LPypn~ )P (I"1D)4 (7.12)

B=-2p+g)Inl=nc+(p—-VDIny+(@~-Dnp—plhnp +Inm~InV+gInD
(7.13)

The p and g values were determined with the help of the
experimental results. The values of different parameters corresponding to a
field ~100 G used in this calculation are highlighted in Table 7.1.

Table 7.1: Different parameters obtained from experimental results.

FF 4 1 n m D p
(rad/T-m) | (s) | (Pa-s) | (A/m) (m) (kg/m?)

FFW 0.11x10° 4 0.0073 3529 8x10” 0.175

FFK 0.081x10° | 5.1 [0.0082 3508 | 10x107 [ 0.175

FF1 0.05x10° | 44.3 0.009 2400 12x10™ 0.66

FF2 0.052x10° | 22.8 0.013 2400 12x107 0.66

Using Eq. 7.13 for different sets of data as shown in table 7.1, the
values of p and q are found to be ~0.67 and ~2. Putting the value of p and

g in EQ.7.13, we get:

37Inl=1Inc—-0.31ny - 031Inp—-0.68Inn+Inm—-InV+2InD
(7.14)
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Or,Inl =0.27Inc—0.09Iny — 0.09Inp — 0.18Inn + 0.27Inm — 0.27InV + 0.56In D
(7.15)

The eqgn. (7.15) gives an empirical formula for obtaining chain length
of nanoparticles in a given FF. The values of all the variables/measurable
parameters in the above equation can be evaluated experimentally. The
value of the constant c is determined from the initial condition that, in the
absence of an applied magnetic field the particles are in random motion. in
that case, the length of the field induced chain is considered as zero.
Consequently, the value of the Verdet constant is also discarded. Under
high shear rate condition, the few pre-existing aggregates break down
resulting in a uniformly dispersed FF with comparatively low viscosity. The
initial parameters corresponding to zero chain length and calculated value
of the constant ¢ for each data set are shown in Table 7.2.

Table 7.2: Different initial parameters.

FF % n m D p Inc
(s7) | (Pa-s) | (A/m) | (m) | (kg/m’) |

FFW 90 | 0.005 | 3529 | 8x10° | 0.175 | 9.81

FFK | 110 |0.0059 | 3508 | 10x10°| 0.175 | 9.48
FF1 100 | 0.0064 | 2400 | 12x10°| 0.66 | 10.88
FF2 105 | 0.011 | 2400 | 12x10°| 066 | 10.96

Finally, the predicted chain lengths of different FFs for a static field
strength ~ 100 G are shown in Table 7.3:
Table 7.3: Calculated chain length for different FFs.

FF Chain length
(pm)
FFW 400
FFK 500
FF1 600
FF2 700
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it was found that, the MNPs of the FFs are capable of forming
chains of length in the micrometre range when subjected to an applied field
of ~100 G. This is supported by an earlier report that, a Fe304 magnetic
fluid with polymer acrylic resin forms chains of length in the micrometre
scale (>200 um) in response to a moderate magnetic field strength (281-
1030) Oe [31]. With reference to eqn. (3.1) of Chapter 3, it can be said that
the bigger particles have a better chain forming capability than the smaller
ones. The calculated smaller chain length in FFW than in FFK is mainly
attributed to the smaller particle size in the former FF. Furthermore, the
magneto-rheological response (page 84 of Chapter 3) shows that, the FF2
responds more promptly to the field than that of FF1. In fact, the dispersion
stability of surfactant depends on the hydrocarbon chain length. Due to the
longer hydrocarbon chain, the absorption free energy in TMAH (surfactant
of FF1) is higher than that of oleic acid (surfactant of FF2).[%%
Consequently, the chaining effect can be adequately suppressed owing to
better chemical stability of FF1 over its FF2 counterpart. In addition, a
larger value of the shear rate in FF1 in the calculation part, could also
contribute to the shorter chain length. Not surprisingly, the chains or

aligned aggregates could break down at an increased shear rate.

Uncertainty calculation

The uncertainty in the above calculation is determined by the
following the method as described in section 7.2.2(j) of this chapter. The
uncertainty in each data set is calculated by the Eq.(7.6). The errors in
individual data and overall uncertainty corresponding to the chain length of
a FF are described in Table 7.4.

7.3. Concluding remarks
The dimensional analysis of the Verdet constant and its dependency
on various parameters, following the Buckingham's 7 — theorem, gives an

empirical formula to calculate the chain length of FF. It is calculated for four
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different FF systems with varying MO and MV conditions. The chain length
for all the four FFs is found in the micrometre range and with nominal

uncertainty.

Table7.4: Error analysis and overall uncertainty.

FF "4 " m D p W,
(rad/T-m) | (Pa-s) | (A/m) (m) | (kg/m3

FFW | +0.0014 | +0.05 +3 +2x10° | $0.007 | ~0.5
FFK +0.0018 | +0.0821 +1 +2x10° | +0.007 | ~0.75
FF1 +0.0098 | +0.0637 | 2 +2x10° | +0.002 | ~0.54
FF2 +0.0052 | +0.03 +2 +2x10° | +0.002 | ~0.002
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The importance of ferrofluids is not only customary to the material
scientists but also to the technologists to benefit the society at large. The
FF based devices are not only limited to day to day components but also
useful to the space crafts and submarine parts. The role of MNPs,
surfactant and carrier fluid is inevitable in determining the technologically
important MO and MV properties of the FF. In this context, this work is an
endeavor to synthesize diverse FF systems, both conventional and novel
kinds, followed by characterization by different microscopic and
spectroscopic tools. To be specific, magnetite (FesO4) and gadolinium
oxide (Gd,03) based FFs were prepared. The nanoparticles of the FFs
were spherical in shape and ~ 9 nm in size. The role of surfactants as well
as carrier fluids were also studied by synthesizing FF with anionic
surfactant (oleic acid) and cationic surfactant (TMAH) coated Fe;04 MNPs
in different kinds of carrier fluids (water, kerosene and methanol). Various
analytical tools have revealed that the particles were well functionalized by

the respective surfactants to form suitable, stable FFs.

The MO effects of the synthesized FFs were studied in a custom
made experimental set-up. The FR and LD response of the ferrofluids FFW
and FFK are noteworthy, seems to saturate beyond an applied field. The
magneto-rheological study of the synthesized FFs namely, FF1 and FF2
showed improved viscoelastic response with the increasing applied field. In
other words, FFs are highly magneto-viscous in nature. In fact, these FFs
exhibited the non Newtonian nature. A comparative study of the magneto-
viscous properties of FF1 and FF2 for various shear rates (2-450 sec™)
and applied magnetic fields (0-100 G) have showed that, in case of no field
and under no shear, the FF prepared with the oleic acid coated particle
(FF1) tends to be ~12% more viscous as compared to its TMAH coated
counterpart (FF2). Furthermore, it was observed that, the particles in FF2
were more dispersed than FF1. The better stability of FF2 was attributed to

the longer hydrocarbon chain length of TMAH than that of oleic acid.
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In order to study the effect of energetic ion irradiation, FFs were
also prepared with 80-keV Ar-ion irradiated MNPs. The creation of point
defects on the nano particles by 80 keV Ar-ion irradiation were predicted by
in-depth spectroscopic analyses. The signature of partial phase
transformation from B-type to A-type crystal system of Gd,03; nanoparticles
(reveals from the Raman analysis) is an important consequence of the ion

irradiation.

For comparative analysis, FFs were also irradiated with y-radiation
and of doses: 32 to 2.635 kGy. Different characterizations of the irradiated
FFs illustrate that y-irradiation could lead to substantial growth of the
MNPs in case of FFW and FFK. The optical microscopy and spectroscopic
tools have probed that, in case of FFW, the particle growth was from ~ 9
nm to ~ 48 nm whereas, in the latter case (FFK), it was from ~ 9 nm to ~
18 nm for pristine and irradiated (dose: 2.635 kGy) samples; respectively.
The creation of new defects (e.g. oxygen vacancy) and annihilation of
some pre-existing defects in particles of FFW, FFK and FFG were also
manifested in analytical tools such as, HRTEM, FT-IR spectroscopy,
Raman spectroscopy and EPR spectroscopy. Moreover, y-irradiation was
shown to alter the luminescence property of the FFs. The room
temperature photoluminescence study of FFG gave an evidence of red-
shift of the PL peak. It is considered that the shift is due to the irradiation
induced defects. It also reveals the impact of y-irradiation on improving the
PL symmetry factor of Gd,03 by ~20%. On administering the deconvolution
process so as to study asymmetric nature of PL spectra of y-irradiated
FFG, it was seen that intensity and symmetry of the PL spectra can be

tuned with the irradiation dose.

The effect of the two above mentioned irradiation processes on the
MO responses of the FFs were also prominent in the Faraday rotation and

linear dichroism study. The modified FR and LD responses were attributed
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to the defect formation due to the low energy (80-keV) Ar-ion and
irradiation process. The optical path within the nanoparticles gets
enhanced due to the newly formed defects. Further, the growth of the
MNPs due to the solid state recrystallization during y-irradiation also results
in the modification of the MO responses. As mentioned in Chapter 5, larger
particles rapidly form chains in response to the applied field and
consequently, the FR and LD response become significant. The Verdet
constant of the FFs were also changed by the irradiation impact. In case of
v-irradiated (dose: 2.635 kGy) FFW, the enhancement was as high as
~70%.

Lastly, as an alternative but innovative approach, the calculation of
chain length of particles in FF was established with the help of dimensional

analysis. Following Buckingham's = — theorem, the chain length was

expressed empirically in terms of various measurable quantity viz.
magnetization, density, particle size, Verdet constant, shear rate, viscosity.
The accuracy of the calculated value of the chain length was tested by the

uncertainty analysis.

During this course of study, adequate care was taken to minimize
the time gap between the synthesis process and characterization of the
nanoparticles as well as the FFs. Due to the high mechanical and chemical
stability of RE element; it was difficult to synthesize Gd,O3 nanoparticles
from their bulk counterpart. In this context, a physico-chemical method was
followed to prepare the same. But the adopted procedure for the synthesis
of Gd,O3; nanoparticles needs to be improved further to get sufficient
amount of MNPs. We have studied the low energy ion irradiation and y-
irradiation effect. As the MO responses show significant improvement of
the irradiated samples, there is a scope of a detailed study using other
radiation sources and doses. In this regard, UV-radiation and high

energetic ion (a few MeV) would give a complete picture of the radiation
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induced changes of FFs. It may be noted, however, in order to ensure
precise control over FF properties, better techniques may be opted
considering possibility of irradiation on FF films -rather than on MNPs

meant for making FFs.

In our case, a custom made setup was employed to study the
magneto-optic response of the FFs. This initial set-up comprised of manual
devices which had to be calibrated prior to data acquisition process. In this
regard, modification with computer interfacing can provide ample scope for

fast data processing with improved accuracy.

The beauty of FF is much devoted to its chain forming effect. We
have predicted an empirical formula to calculate the chain length of FF. In
the present study only the structural evolution to linear chains is
considered. But the actual evolution process is much more complicated.
Further investigation with regard to linear chain, multi-chain formation,
zippering effect or combination of these needs to be worked out, based on
the influence of different parameters/forces acting on the particles.
Towards this end, computer simulation is highly acceptable. However, the
present work is an attempt tb provide wealth of technologically important
information with regard to ferrofluids both iron based and rare earth based
ones. The following device and design concepts could be applicable to the

investigated systems of topical interest.

(i) Rare-earth oxide based FF sealing/shielding: FF based sealing and
shielding devices are widely used in space craft, loud speaker cooling etc.
RE system is chemically inert. In this present investigation, it was seen that
RE oxide (Gd;03) based FF provide stable dispersion with controlled MO
feature. Thus, such a system will be more promising over the conventional
type FFs ensuring suitable candidate in sealing and electromagnetic

shielding devices.
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(ii) Radiation detector: The MO study of the different irradiated FF sample
reveals that the MO responses get modified by the irradiation. It also
changes with the energy of the incident radiation. Further study on this
perception would be beneficial to prior design of a prototype radiation

detector.

(ili) Ferrofluid based MRI contrast agent: MRl (Magnetic resonance
imaging) is a widely used technique in medical diagnosis process. It is
used to visualize the internal structure of a body in detail. In this process,
magnetic particles are injected to the vain of a patient and the patient lies
inside a powerful magnetic field. The magnetic particles could enhance the
contrast of the blood vessels, tumors etc. Ferrofluid can be used as a
normal liquid as well as a magnetic liquid in presence of a field. FFs are
also used in targeted drug delivery process. Thus, ferrofluid (with drug)
would be a better option as MRI contrast agent. FF based simultaneous
preliminary drug injection and contrast agent would be an uprising process

in the field of medical science and diagnosis.
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Tensile strain and compressive strain: In dynamics of rigid body, the
changes occurred in a body are describes by the terms: stress, strain and
modulus of elasticity. Stress is a measurement of the strength of a
material, strain is a measure of the change in the shape of the object that
is undergoing stress whereas elastic modulus measures the amount of

stress needed to change the shape of the object.

In the Fig. 1(a), a body of cross sectional area A is subjected to a

tensile force P. Then the tensile stress is expressed as:
o=P/A

If the original length of the body is L and it becomes (L+AL) after the
force applied, the term strain measures the deformation of the body. It is

define as:
Strain= AL/L

The compressive strain [(Fig. 1(b)] is related with a compressive
force.In such case the strain is negative as the length decreases due to
the force applied [Fig. 1(b)]

. =,’ <—L——>AL

Fig. 1: (a) Tensile and (b) compressive strain
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Physical properties of host materials

Properties of oleic acid

Molar mass
Appearance

Density
Melting point
Boiling point

282.4614 g mol”

Pale yellow or brownish yellow oily
liquid with lard-like odor

0.895 g mL"
(13-14) T
360 T

Properties of ethanol

Molar mass
Appearance

Density

Melting point

Boiling point

Vapor pressure
Acidity (pKa)
Basicity (pKsy)
Refractive index (np)
Viscosity

46.07 g mol™
Colorless liquid

0.789 gcm™

-114 C, 159K, -173 F
78 C,351K, 172 F
5.95 kPa (at 20 C)
15.9

-1.9

1.36

0.0012 Pa s (at 20 T)

Properties of TMAH

Molar mass
Appearance & Odor
Boiling Point

Melting Point
Physical State
pH

Specific Gravity

91.15 g mol™
Clear, colorless. Slight amine odor

>100C

<0T
Liquid
>12.5
1.0-1.1
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Molar mass
Appearance
Density
Melting point
Boiling point
Viscosity

Dipole moment

Properties of methanol

32.04 g mol™’

Colorless liquid

0.7918 g cm™

-98--97 T

65 C

5.9x107* Pa s (at 20 )
1.69D
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Abstract. In the present work, we report synthesis and ‘magneto-viscous properties of cationic and
anionic surfactant coated, iron oxide nanoparticles based ferrofluids. Structural and morphological
aspects are revealed by x-ray diffraction (XRD) and transmission electron microscopy (TEM)
studies. We compare the rheological/magneto-viscous properties of different ferrofluids for various
shear rates (2- 450 sec™') and applied magnetic fields (0-100 gauss) In the absence of a magnetic
field, and under no shear case, the ferrofluid prepared with TMAH coated particle is found to be
12% more viscous compared to its counterpart. The rheological properties are governed by non-
Newtonian features, and for a definite shear rate, viscosity of a given ferrofluid is found to be
strongly dependent on the applied magnetic field as well as nature of the surfactant.

Keywords: Ferrofluids, surfactant; rheological properties.
PACS: 81.07.-b, 66.20.Ej, 75.75.+a

INTRODUCTION

In recent years, ferrofluid systems have emerged as technologically important
candidates with prospective applications in magneto-sealing, magneto-shielding,
biomedicine etc. [1-4]. These technological attractions are basically due to their
unique magneto-viscous properties (magnetic control of their flow). Ferrofluid is a
colloidal solution of magnetic nanoparticles (MNPs) and therefore, a ferrofluid can
exhibit magneto-viscous effect [5-7]. In ferrofluid synthesis method, the most
commonly used nanoparticles are magnetite (Fe;04) and maghemite (y- Fe,Os3) and
oil, water, kerosene etc. are used as dispersing media. In this kind of fluid, different
long and short range forces result in sedimentation and agglomeration of the particles.
The stability of this kind of fluid can be attained either by steric repulsion or by
charging the particles electrically [8]. In case of steric repulsion, the MNPs are coated
with a surfactant layer (anionic, cationic, zwitterionic etc). The surfactant molecule
gets attached to the surface of the nanoparticles and helps in gaining the stability of the
fluid by stopping agglomeration. Generally, particles of size 4 - 20 nm with a
surfactant layer of thickness ~ 2 nm result in a good quality ferrofluid [9]. In a
ferrofluid flow, the magnetic moment of the particles is aligned with the vorticity of
the flow and in presence of a magnetic field the MNPs would try to reorient
themselves. This is very important in deciding the rheological properties of the fluid
and crucial for many devices.

Here, we report the synthesis of anionic and cationic surfactant coated two iron
oxide (Fe3;04) based ferrofluids and compare their magneto-viscous characteristics for
various shear rates, with and without application of magnetic fields.

CP1147, Transport and Optical Propernies of Nanomarerials—{CTOPON - 2009, edited by M R Singhand R H Lipson
© 2009 Amencan Inshtute of Physics 978-0-7354-0684-1/09/§25 00
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EXPERIMENTAL DETAILS

As a prime step of ferroflmd preparation, {irst MNPs were synthesized. We have
followed an inexpensive co-precipitation method for producing nano-sized Fe;O4. The
chemical equation is as follows:

2FeCl; + FeCl, + 8NaOH — Fe304 + 8NaCl + 4H,0

In the second step, the synthesized nanoparticles are coated with two kinds of
surfactants namely, tetra methyl ammonium hydroxide (TMAH) and oleic acid. The
former one is cationic and the latter one is anionic surfactant. In this work we take
methanol as camier fluid. The schematic synthesis procedure is presented below.

128M | 04M || 0.64M

FeCl3 HCI F€C12 MNPs
Magnetic stirring ﬂ 300 pm
Precursor Coated with Coated with
ceurso TMAH Oleic acid
ﬂDrop wise
M o 15M Precursor Precursor
{1c st1 )
agnetic stirming NaOH 300 rpm
Dispersed in Dispersed in
ﬂ methanol methanol
Black
. . L FF1 FF2
pH=12.3 MNPs=16%]| [MNPs=16%|
(v/v) of (viv) of
ﬂ methanol] methanol|
MNPs
(black thick
mass)
(A) B)

FIGURE 1. Black diagram of synthesis procedure of ferrofluid (A) 1% step (B) 2" step
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RESULTS AND DISCUSSION
Structural Studies

First, the synthesized magnetite

particles are characterized by x-ray s00 4 11y B0
diffractometer (model. Rigaku Mini 550 61 (442)
Flex 200). Fig.2 shows the typical XRD A
pattern of the synthesized uncoated | £ asol

magnetite particles. The peaks at 35.35°, § aoa ]

56.4°, 63.35° and 66.1° are designated 250

as characteristics peaks of magnetite 200 ]

with preferred orientation along (311), ol
(511), (531) and (442) planes, in O

. . 2 theta (d
consistency with the other works [10- heta (degree)

11]. Peaks at 31° and 752° arise
because of impurity. The size of the

FIGURE 2. XRD pattern of uncoated magnetite

|
particles is calculated by the Scherrer’s T
formula:
G m 224 0

Annaff
where d is the particle size, A is the wavelength of the x-rays, £ is the full width at half
maxima in radian and € being the diffraction angle. Considening the most prominent
peak, the average size of the MNPs was calculated to be ~ 4.7 nm and with a strain
value of -0.0012. The negative value of strain reflects contraction of atomic planes
within a given nanoparticle. The formula exploited to calculate the strain of the
particle is [12]

Errmﬂ 1 4 aso f
7 el g )

(s 1s the strain and other symbols are the same as in the Scherrer’s formula)

R .
2 é\ud"‘re-‘
et by g

©

FIGURE 3. (a) Uncoated magnetite particles, particles coated with (b) TMAH and (c) oleic acid
dispersed in methanol
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Further, the samples are analyzed by transmussion electron microscopy (TEM)
Fig 3 depicts the TEM micrograph of uncoated, TMAH and oleic acid coated
magnetite samples It 1s found that the particles have an average size of 50 2 nm and
are of nonspherical nature Most of the structures include oblate, hexagonal and
rhombohedral features

Rheological properties

Rheological properties of the prepared samples are studied 1n a Brookfield dial
reading viscometer (Model M/00-151) Fig 4 (a) represents shear rate dependent
variation of viscosities in the absence of a magnetic field The non linear decay of
viscosity with increasing shear rate confirm that the ferrofluid possess non Newtonian
charactenistics The substantial amounts of shear thinning 1 e decrease of viscosity
with shear rate, for both the ferrofluid can be expressed as

y=- yla'ml‘t:n -+ 3:23'K’f"n 3)

Here y 1s the log(viscosity), y;and ¥;are
viscosities at zero shear rate, x 1s the shear
rate and &, ;83 are the decay parameter 1n sec’
! These parameters correspond differently to
FF1 and FF2 (Table 1) From the exponential

¢
N

8 FF1
® FF2

@
°

L

&
o4 ¥ ¢

In (viscosity in cP)
N
N

equation 1t can be understood that the

ferroflwds are undergoing two simultaneous 20 * .

decay equations- one of them 1s very fast with . . .
high decay parameter The critical shear rates 1a] .

at which shear thinning slows down are 86 21 G 0 z00 300 ad0  so0
sec’ and 118 sec' for FF1 and FF2

respectively The overall viscous nature of the

shear rate (sec-1)

ferrofluids can be attributed to the
arrangement of small dispersed chains of the
MNPs [13] With increasing shear rate some
kind of perturbation of these clusters occur leading to a decreasing trend of viscosity
It 1s evident that in the absence of any external force there are more number of
clustering in FF1 than that of FF2 (fig3(a)) In other words, oleic acid (anionic
surfactant) coated particles are more dispersed than TMAH (anionic surfactant) coated
particles 1n the ferrofluuds But with increasing shear rate oleic acid coated clusters
respond to fragmentation more rapidly

TABLE 1: Different parameters of FF1 and FF2

FIGURE 4(a). Vanation of viscosity with
shear rate For FF1 and FF2

FF1 FF2
Y1 067 Yi 064
Y2 099 Y2 086
t) 1099 ty 15 36
ty 11774 th 16873
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Fig 4 (b) and Fig4 (c) demonstrate the magneto-viscous property of the as
prepared ferrofluids Pronounced non Newtonian behavior was observed even in the
presence of magnetic fields (H) For a fixed shear rate, applied magnetic field could
enhance the viscosity of the ferrofluds But for a particular field, viscosity decreases
with increasing shear rate Other workers have argued that the formation of different
field induced structures e g chain sequence, droplike etc 1n real ferrofluids [14-15]
mught lead to such a variation Particles larger than the cntical size (~10 nm for
magnetite particle) are more prone to this kind of structure formation |6] In a
ferrofluid the amount of such particles greatly influences the magneto-viscous
property With high shear rate these structures break down, which results in decreased
viscosity It 1s reported by Odenbach et al that the interaction between the magnetic
moment and mechanical torque of the particles results 1n high magneto viscous effect
This 1s substantially owing to stronger orientation tendency of dipole moments from
the direction of vorticity towards applied field [16] In our case, the direction of the
magnetic field 1s perpendicular to the vorticity of the flmd As the field increases, the
strength of the interaction between the field and the magnetic moments of the MNPs
also increases, which results in shifting of the critical shear rate toward lower shear
rate direction The relative changes of viscosity (#;) for both FF1 and FF2 at different

H  no field B nofietd
3.2 ® 17 gauss 321 o ® 17 gouss
3.0 A 31gouss
3.0 4 3 gauss 2.8 V¥ 50gouss
~ 2.8 ¥ 50gauss = S © 101 gouss
S 2.6 g © 101 gauss : 2.6
£ & E‘ 2.4 86
> 2.4
£ ¢ 5 2.2] og
] N ©
o 2.2 X -]
o ° 8 2.0 L3 o
2 2.0] L] v ° 2 1s] 2 i o
g "8 - 4 £ 1.6] o)
1.4 . 1.4] i
1.4 v T v v — T T T _— \
[} 100 200 300 400 500 1] 100 200 300 400 500
shear rate(soc-1) shear rate (sec-1)

FIGURE 4(c) Vanation of viscosity ot

FIGURE 4(b). Variation of viscosity of FF2 with shear rate

F¥1 with shear rate

magnetic fields are shown in Fig 4 (d) and Fig 4(e) It 1s expressed by the equation

It 1s seen that the FF2 responds more rapidly to the field than that of FF1

irrespective of shear rate It implies that oleic acid coated particles easily interact with
the field TMAH coated particles are more stable in ferrofluid in comparison to oleic
acid coated particles
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CONCLUSIONS

We prepared two chemucally synthesized magnette based ferrofluids The
ferrofluids differ from each other depending on the surfactant type used to stabilize the
MNPs The rheological study gives hints about the role played by the surfactants in
deciding the viscous property of the ferroflmds In consistent with other report, 1t 1s
found that the magneto-viscous property of the ferroflmd exhubits shear thinning
Oleic acid coated particles in ferroflmd (FF2) are found to be more disperse in the
absence of field and more rapidly responding to the applied magnetic field than that of
TMAH coated particles (FF1) Understanding magneto-viscous properties 1n terms of
role of surfactants, shear dependency, and size dispersity would find various
application ¢ g , sealing, switching and lubricating agents etc

3 -1
- 1 =
16] Shear rate = 2 25 sec 12, Shear rate = 4 5 sec
) L 4 L]
£ 14] = 10/ .
"3
2 g § oal
1.0 3 m FF1
% 0] u PR % 06 'Y ® FF2
3 ° ® FF2 °
0.6] g
£ s g04 °
[ ] v
021 n B ' é ° . .
o0o0{ a <00 s "
0.2 T T T T T T [ T T T T T
0 20 40 60 80 100 0 20 40 60 80 100
H (gauss) H (gauss)

FIGURE 4(e). Relative change ot

FIGURE 4(d). Relative change of viscosity
viscosity with magnetic field

with magnetic field
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In this work we report on the surfactant assisted synthesis of gadolinium oxide (Gd,03) nanoparticles
and their charactenzation through various microscopic and spectroscopic tools Exhibiting a monoclinic
phase, the nanoscale Gd,03 particles are beheved to be comprising of crystallites with an average size of
~32nm as revealed from the X-ray diffraction analysis The transmission electron microscopy has
predicted a particle size of ~9 nm and an interplanar spacing of ~028 nm Fourier transform infrared
spectroscopy studies show that Gd-0 inplane vibrations at 536 8 and 413 3 cm™' were more prominent

l;,:)csm 80h for 80-keV Ar-1on irradiated Gd, 03 nanosystem than unirradiated system The photoluminescence (PL)
7120 Eh spectra of irradiated specimen have revealed an improvement in the symmetry factor owing to
76 30Kg significant enhancement of surface-trap emission, compared to the band-edge counterpart Irradiation
M 7830 —) induced creation of pomnt defects (oxygen vacancies) were predicted both from PL and electron
S 78 55~m paramagnetic resonance (EPR) studies Further the Raman spectra of the irradiated sample have

exhibited notable vibrational features along with the evolution of a new peak at ~202 cm™' This can be
ascribed to an additional Raman active vibrational response owing to considerable modification of the
nanostructure surface as a result of 1on bombardment Probing nanoscale defects through prime
spectroscopy tools would find a new avenue for precise tuning of physical properties with generation
and anmhilation of defects

© 2011 Elsevier Ltd All nights reserved

1. Introduction

Magnetic nanostructured systems, especially paramagnetic or
superparamagnetic nanoparticles have emerged as technologically
important candidates owing to their potential application 1n
diverse areas of nanoscience and nanotechnology The ferrofluids,
which are prepared by dispersing nanosized iron oxide particles in
a carrier flmd are being used 1n magnetic drug targeting and
hyperthermia [1,2] There has been an explosion of research in the
development of memory devices and quantum architecture that
primanly make use of magnetic nanoparticles as building blocks
[3.4] Rare earth (RE) sesquioxides having unpaired d or f electrons
have aiso imperative role for their unique magnetic response to
device fabrication Recently, high-quahty RE functional nanocrys-
tals have drawn a great deal of attention because of their novel
physical and chemical properties along with characteristic
magnetic features Gadolinium-containing complexes and nano-
crystalline gadolinium oxide (Gd,03) are being used in examining
magnetoresonance imaging (MRI) of patients The signals are
achieved owing to the paramagnetic properties of gadolinium (111)

* Corresponding author Tel +913712267007/8/9x5558 fax +913712 267005
E mail address best@tezu ernetin (D Mohanta)

0025-5408/$ - see front matter © 2011 Elsevier Ltd All nghts reserved
dor 10 1016/} materresbull 2011 03 027

1ons stemming from the seven unpaired felectrons [5 6] Similarly,
RE-doped Gd,03 1s one of the most promising systems that has
immense application 1n sohd-state lasers and dispiay devices [7 8]
In general, Gd;03 occurs In two crystal forms cubic and
monoclinic Monochnic gadolinlum sesquioxide 1s used as a
catalyst for the dimerization of methane, I-butene 1somerization
hydrogenation of 1,3-butadiene, acetone aldol addition as a
selective catalyst and as a support for metals that catalyze
methanol formation from CO, and H, [9] Earlier, 1t was shown that
the intense narrow emission response of doped Gd,03 particles can
be attractive for efficient fluorescent labelling which could replace
the use of conventional organic fluorophores [10] Therefore the
lanthanide system can act as an alternative candidate that can help
in the quantitative analysis of immobihzed proteins and small
molecules tn micro immunoassays with very high specificity

On the other hand, another important field of research 1s the
effect of energetic ion 1rradiation on nanostructured systems For
MeV 10n irradiation the electronic energy loss 1s dominant over
nuclear energy loss where as forions carrying keV scale energy the
situation 1s reverse When matenials are irradiated by swift heavy
ions (SHI) the incident energy 1s mainly transferred to the
electrons of the target material within a time scale of 10~'% s and
then released to the lattice In 1072 s As a result of fast quenching
the energetic 1ons (MeV scale) are capable of producing typical
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columnar defects (amorphized zones). Usually, MeV ion irradiation
is used for structural and morphological modification [11,12]. In
contrast, keV ions are widely used for ion implantation [13-15]. In
keV scale, heavy ions can create cluster of point defects where as
light ions are capable of generating isolated point defects. It is
expected that keV ions would produce point defects that can
segregate to grain boundaries. The dangling/unsaturated bonds,
presence of foreign impurities, etc. can ideally be removed from the
nanoparticles through ion beam lead surface passivation. A light
ion beam could be useful in realizing controlled defects along with
reduced anisotropy in the system [16,17]. We report here the
fabrication of monoclinic nanoscale Gd,03; particles by a user-
friendly physico-chemical route. The synthesized and 80 keV Ar
ion irradiated products were characterized by advanced micro-
scopic and spectroscopic techniques. Probing of nanoscale defects
is also encountered through radiative emission and vibrational
characteristics.

2. Experimental

We have prepared nanoscale Gd,05; powders by adopting a
simple physico-chemical route. Note that mechanical grinding/
crushing of bulk Gd,03; would not result in nanopowder owing to
very high thermal and environmental stability of the RE system. At
first, 100 mmol of bulk Gd,03 (99%, Otto) was added to 50 ml of
double distilled water. Then, an appropriate amount of HNO;
(69%GR, Merck) was mixed to this solution under vigorous stirring
until a clear solution of GA(NO3); is obtained. The solution was
diluted to 100 ml in a volumetric conical flask by adding more
distilled water and 3.3 g of N-Cetyl-N,N,N-trimethylammonium
bromide (CTAB, a cationic surfactant) was subsequently added at
65 °C resulting in a yellow colored precursor. The yellowish
solution was allowed to cool down to the room temperature, which
is then followed by addition of 10 ml of ag. NaOH (6 x 1073 M) at
once. Upon stirring for 30 min and subsequent centrifugation, one
could separate out white precipitate of Gd(OH); from the brownish
one. In order to obtain finest quality precipitate, the as-received
product was subjected to repeated washing with hot distilled
water and centrifugation. The precipitate was dried in air and then
heated at ~800 °C for 1 h till an off-white powder of Gd,0j5 is
achieved.

The dry Gd,03 powder was sprinkled on a hydraulic-pressed
teflon-pellet and then it was irradiated with 80 keV Ar ions
(fluence: 103 ions cm™2) in a high vacuum (10~% mbar) chamber
at room temperature. The Gd,03 samples were characterized by
Rigaku Mini Flex 200 X-ray diffractometer (XRD), high resolution
transmission electron microscopy (HRTEM) (Tecnai S twin),
Fourier transform infrared (FT-IR) spectroscopy (Nicolet Impact
410), photoluminescence (PL) spectroscopy (PerkinElmer LS 55),
electron paramagnetic resonance (EPR) spectrometer (JEOL: JES-
FA200) and Raman spectroscopy (Renishaw, UK).

Intensity (a.u.)

30 40 50 60 70
20 (degree)

Fig. 1. XRD pattern of the synthesized nanoscale Gd,03 system.

3. Results and discussion

The characteristic properties of the synthesized and irradiated
nanoscale Gd,03; products are as discussed below.

3.1. Diffraction and microscopic studies

The structural and morphological characteristics of the
nanoscale powder are studied by XRD and HRTEM analysis. The
XRD pattern, shown in Fig. 1, depicts six prominent peaks at
respective Bragg angles (260) of 26.35°, 31.31°, 35.75°, 42.41°,
46.75° and 55.61°. These peaks of monoclinic (B-type) Gd,03 phase
corresponded to (202), (003),(203),(313),(204) and (514)
planes, with preferred crystallographic orientation along (00 3)
plane. This is also in consistency with the previous work [7]. The
average crystallite size (d) and effective microstrain {n) can be
gauged from the popular Williamson-Hall (W-H) expression [18]:

A .
ﬁ,,k,cosG,,k,=0.9a-+4r;sm9hk, (1)

where, B, ¢ is the full width at half maxima in radian, 6y, is the
diffraction angle in degree, A is the wavelength of the X-rays
(1.53 A). From the W-H plot (not shown), the average crystallite
size and microstrain are estimated to be ~3.2 nmand —1.8 x 107>,
Since a positive strain depicts compaction where each of the
crystallites is believed to be under stress, a negative strain would
represent relaxation. On the other hand, the average size of the
Gd,03 nanoparticles as estimated from HRTEM micrograph is
~9 nm (Fig. 2a). The particles are found to be nearly spherical and
possessing high degree of crystallinity. Note that, a particle may
comprise of several crystallites and the crystallite and particle sizes
are generally not same in polycrystalline systems and that is why
we observe a visible difference in the size estimation performed

Fig. 2. HRTEM micrographs of synthesized Gd,0; at (a) lower, (b) higher magnification and (c) Ar irradiated Gd,05 system.
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energies (low wavenumber) for inorganic compounds As shown in
Fig 3, the charactenstic FT-IR spectra show independent
vibrational features for three kinds of specimens namely ethanol
(red label), Gd,05 dissolved in ethanol {green label) and irrachated
Gd,04 dissolved in ethanol (blue label) In case of ethanol CH; and
CH, bending modes occurred at 1392 and 1452 cm™! whereas CH,
CHs CO and OH stretching vibrations are observable at 2810 2975
1060 and 3679 cm™’, respectively [19] In the present case we
assign the band 1384-1392cm™~' and 1452-1469cm™' to
symmetric CH3 and CH; vibrations (Fig 3a) For all the spectra

1298 N Paul er al ] Materials Research Bullenin 46 (2011) 1296-1300
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Fig 3 FT-IR spectra of (a) synthesized Gd;03 (b) Ar 10n irradiated Gd, 03 (fluence
107 1ons cm™~2) and {c) ethano! as reference

through XRD and TEM analyses Fig 2b shows an i1solated spherical
particle, which depicts distinct, equispaced lattice planes (shown
by short parallel ines) having an nterplanar spacing of 0 28 nm
The magnitude of the interplanar spacing between successive
(003) planes of the monochinic Gd,0; structure can also be
estimated from the Bragg's law (2dy k510 By x 1 = nA, considering
1st order diffraction) The TEM micrograph of the 80 keV Ar 1on
irrachated specimen (Fig 2c) reveals no vanation with regard to
size and morphological shape evolution Upon irradiation the
nanoparticles still appear in unclustered form while keeping
spherical nature intact

32 Spectroscopic studies

The spectroscopic response of unirradiated and irradiated
nanoscale Gd,0; system was investigated through FT-IR PL EPR
and Raman spectroscopy

An FT-IR spectrum provides information with regard to
bending, bonding and stretching of molecules 1n a giwven
compound The vibrational modes generally occur at higher
energies {(high wavenumber) for organic compounds and at lower

(A) 600

{a)

500
400

300

Intensity

200 1

100

the broad peaks located at 3449 46 cm™" and at 1637 7 cm™! are
assigned to the charactenstic O-H stretching of atmospheric water
and due to the atmospheric CO, respectively (Fig 3a-c) In order
to understand vibrational response of inorganic Gd;0; particles in
organic media, we now focus our attention to the highlighted area
It clearly depicts the absence of Gd-O bonding feature in pure
ethano!l sample On the other hand Gd-0O vibrational response 1s
evident both for unirradiated and Ar 10n 1rradiated sample (20,21]
Moreover, Gd-O inplane wibrafions at 5368 and 4133 c¢m™!
become more prominent for irradiated Gd,0; system than its
unirradiated counterpart This suggests that the nanoparticle
surface has been modified appreciably as a result of ion-matter
interaction It 1s possible that the point defects (eg oxygen
vacancy) are created due to energetic 1on bombardment Later,
these defects can segregate to the particle surface causing some
kind of distortion onto the regular Gd-0 lattice The departure
from the regular lattice site along with the segregated defects can
result in promunent IR vibrations as evident in Fig 3c Further a
close look on the umirradiated and irradiated Gd,05 nanoparticle
samples has revealed that apart from the prominent Gd-O
vibrational peaks sphtting of peaks have also occurred in the
later case These sphited peaks can be ascribed to the uneven
distribution of surface defects, interstitials and inhomogeneties
A PL spectrum, essentially provides information with regard to
interband and intraband carrier transitions The room temperature
luminescence spectra of both umirradiated and irradiated Gd,05
nanoparticles (Aex = 270 nm) are shown 1n Fig 4A In consistency
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Fig 4 (A) PL spectra of (a) synthesized Gd,0; (b) Ar ton irradiated Gd,0; and (B) deconvolution of Pl. spectra of (a) unmirrachated and (b) irradiated Gd,03 nanosystems
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with the earlier report, an asymmetrically broadened peak at
~355 nm was noticed which 1s ascribed to 5P;j; — 8S;; transition
of Gd(111) [22] We speculate that the assoctation of a defect related
emussion in the higher wavelength regime could have led to the
remarkable asymmetry 1n the PL response Upon deconvolution,
the defect related emission was found to be located at ~415 nm, as
can be observed 1n Fig 4B For the irradiated sample, a significant
increase of symmetry factor (parts of full width at half maxima
(FWHM) around the main peak) suggests that the defect related
emission is drastically enhanced over the band-to-band emission
Recently, we have also witnessed a substantial improvement in the
symmetry factor 1n case of Gd,03 nanoparticle system subjected to
gamma-irradiation, up to a certain dose [23] In the present case,
the left symmetry factor has increased from 0 38 (unirradiated
case) to 046 (irradiated system) From the deconvoluted peak
analysis, the band to band vs defect related emission intensity
ratio 15 found to decrease from 112 to 093 Effectively, the
competitive defect related emission as a result of development and
participation of nonradiative defect centers owing to low energy
irradiation has been established

EPR 15 a very special technique to probe paramagnetic centers,
charged point defects, organic and 1norganic radicals etc Keeping
the electromagnetic frequency band fixed, magnetic field 1s
generally varied to achieve resonance Fig 5 depicts room
temperature EPR spectra of (a) unirradiated and (b) 80-keV 1on
irradhated (10'3 10ns cm~2) Gd,03 nanopowder samples recorded
in the X-band (9 15 GHz) of the electromagnetic spectrum and at a
field modulation of 100 kHz The variation of signal intensity with
magnetic field and g value are shown 1n Fig 5A and B, respectively
As can be seen from Fig 5A, though the spectra of the unirradiated
and irradiated samples are symmetric in nature, have respective
resonance fields centered at 3103 and 311 6 mT and associated
with g-values of 210802 and 209874, respectively As the
resonance shift (~13 mT) 1s larger than the scanning step
(0 6 mT), we predict a clear variation 1n the interaction parameter
of the 1solated electron spins arising from the prominent defect
centers of the irradiated system Generally, EPR spectra are
influenced by the presence of defect centers, but the position of the
defect also plays an important role in determining the physical
properties of the system If the defect 1s placed symmetrically
surrounded by a cluster of atoms i1n a representative system, then 1t
gives rise to an 1sotropic EPR signal around the g-value of the free
electron [24] Previously, 1t was reported that location of different
kinds of surface defects (edge, terrace, corner of the i1slands, etc)
could influence the spectra and for the point defects at the edge
gives symmetric spectra with no additional doublet [25] EPR
signal varnation owing to modified electron contribution 1s also
apparently visible in Fig 5B We attribute the symmetric spectra

with the presence of surface defects (chiefly oxygen vacancies)
created as a result of keV 1on impact

Raman spectroscopy deals with the inelastic scattering of light
and 1s widely used as nondestructive tool to identify various
Raman active vibrational (phonon) modes The room temperature
micro-Raman experiment was carried out by using A =5145nm
line of 50 mW Ar-ion laser The observed Raman spectrum of the
nanoscale Gd;05 1s depicted in Fig 6 The unirradiated specimen 1s
characterized by poorly resolved phonon modes (Table 1) It was
known that the factor group analysis for B-type Gd,03 predicts 21
(14 Ag+7 Bg) Raman active modes which sigmify the inplane
atomic vibration as Ag stretching mode, and out of plane vibration
as By stretching mode with reference to (0 10) plane [22] In
consistency with other reports, referring to Fig 6A, we have
identified nine Raman bands with regard to unirradiated Gd,03
sample [22,26] Earlier 1t was suggested that a competitive
mechanism between the higher frequency shift due to the particle
size reduction and lower frequency shift due to strain could
influence the Raman spectrum appreciably {26] It 1s hkely that
smaller particles would experience larger strain compared to
bigger ones and a typical Raman shift 1s characterized by the
overall effect

As shown 1n Fig 6B, the irradiated sample has revealed a
spectrum with broadened line-width, and enhanced intensity The
FWHM of the two most prominent Raman peaks (B, modes) at
288 cm~' and 384cm~' have increased from 768cm~' to

(596)

sl A

Intensity (a.u.)

300 400 500 600

Wavenumber (cm™')

200

Fig 6 Raman spectra of (A) unirradiated and (B) irradiated Gd,03 nanosystems
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Table 1 As revealed in the PL spectra, the effect of low energy Ar ion
Representative data of the observed Raman bands and assigned modes irradhation 1s found to improve the symmetry factor of the oveiall
Observed wavenumber Mode Reported emission response The EPR spectra have also hinted the
(cm™) assignment wavenumber (cm™") formation/annihilation of nanoscale point defects The indication
Unirradiated Irradhared of partial phase transformation from monochnic to cubic (as
Gd20, Gdy0; observed in Raman spectrum) with 1on 1rradiation would open up
153 - Ay 156 an important avenue for further study as the cubic phase of this RE
180 - Ag 175 oxide has some additional advantage over the monochnic phase for
289 288 B, 298 suitable deployment in luminescent device applications
385 384 Bg 385
97 - B, 47
445 - Ag 445 Acknowledgements
486 - Ay 484
:;g :g‘;’ :’; zgg The authors thank Dr. A Saha of UGC-DAE CSR. Kolkata, and

936cm™! and from 6.14cm™' to 10.41 cm™’, respectively. In
addition, two other A, modes, located at 575 cm™' and 595 cm™!
were characterized by FWHM values of 10cm~' and 8cm™',
respectively It1s expected that the energetic 1on trradiation has led
to the creation of point defects or, some kind of surface disorder in
case of irradiated nanoscale Gd,0; particles Previously, it was
advocated that the peak broadening i1s related with the phonon
confinement and dispersion effect {26) Here, the minor red shift of
the aforesaid (four) peaks at 288 cm~!, 384 cm™', 575 cm~"! and
595 cm™" are assigned with the weak dispersion of the phonon
modes. The spectrum of the irradiated sample 1s also manifested by
improved intensity response of these four peaks at the expense of
other modes We assign this observation to the irradiation led
lattice disorder 1n the nanoscale system, which has also been
predicted in an earlier work of oxide system [27]. In addition,
evolution of a new peak at 202 cm™' in case of irradiated Gd,05
system 1s expected to be the outcome of invariable superimposi-
tion of Ag and B, modes in confined region In the monochinic phase
of Gd,03 (unirrachated) though this peak was not observed, for
cubic structure (C-type) a weak satelhte peak, observable at
~198 cm™' 1s attributed to A; mode [22]. Another group has
reported the phase transformation of ~30 nm Gd,0; particles from
C(cubic) — B(monochnic) by 30 keV O 10ns [28] In contrary, 1n the
present case, the appearance of the new peak (202 cm™ ") indicated
a partial phase transformation from B-type to C-type. Note that, the
electronic and nuclear energy losses of 30 keV O 1ons 1n Gd,03 are
0291 eV/A, 0.213 eV/A; respectively [29]. Conversely, 80 KeV Ar
1ons have respective energy losses limited to 0539eV/A and
0858 eV/A In other words, nuclear energy loss over electronic
energy loss 1s more dominant 1n our case We speculate that, the
existence of the new peak could be due to structural regrganization
leading to partial phase transformation on the nanoparticle
surfaces though a complete phase-transformation 1s highly
undesirable

4. Conclusion

We have synthesized nanocrystalline Gd,03 particles by
adopting a simple physico-chemical route and then irradiated
with energetic 80keV Ar ions at fluence of 10'310ns cm~?
Referring to (0 0 3) plane, the interplanar spacing as calculated
through diffraction and electron microscopy studies 1s ~0.28 nm.
The creation of point defects and signature of partial phase
transformation are predicted by in-depth spectroscopic analysis

SINP, Kolkata, for HRTEM measurements. Dr. D. Kanplal, D1 P
Kumar and Dr. F. Singh of [UAC, New Delhi are acknowledged for
their help 1n performing ron irradiation experiment and Raman
studies. We also thank NEHU, Shillong for TEM measurement and
University of Hyderabad for EPR measurements
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Abstract We report here the effect of y-iradiation on
the particle size and size distnibution dependent spectro-
scopic and magneto-optic properties of ferrofluids, syn-
thesized by a co-precipitation method The X-ray diffrac-
uon (XRD) study exhibits magnetite (Fe3O4) phase of the
particles while electron microscopic and dynamic light
scattering (DLS) studies have predicted particle growth
upon y-irradiation Further, Fourier transform infrared (FT-
IR) spectroscopy studies ensured that no dissociation has
occurred due to irradiation effect As a consequence of
magneto-optic behavior reflected in the Faraday rotation
(FR) measurement, the Verdet constant increased from a
value of 064 x 1072 for the pristine sample to 56 x
1072 deg/Gauss-cm for the sample irradiated with the high-
est dose (2 635 kGy) The substantial enhancement in the
FR 15 assigned to the improvement n associated chaiming
effect owing to adequate particle growth where an increased
stoichiometry variation of Fe2+/Fe3t is assured

1 Introduction
A brainchild of NASA 1n 1960s, the discovery of ferrofluid,

was a great achievement for the scientific community for
its easy preparation method and immense applicability n
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diverse fields This mysterious ferrofluid 1s a colloidal sus-
pension of magnetic nanoparticles (MNPs) 1n an appropri-
ate carmier fluid-like oil, water, kerosene, etc Magnetite and
maghemite are the two most prominent candidates used 1n
the preparation of ferrofllid The magnetic parucles are sus-
pended 1n such a way that they remain disperscd indefi-
mtely in the carmer fluid in spite of long range magnetic
forces and short range van der Waals forces of attraction
Stability of any ferrofluid plays a key role for all applica-
tion purposes The stabthity can be achieved either by coat-
ing the magnetic particles with surfactant molecules or by
electrically charging the particles [1] In recent times, mag-
netic fluids/ferrofluids are extensively used 1n drug target-
ing mechamsm [2—4] The growing nterest on ferrofluid 1n
other applications (e g, sealtng [5], shielding [6], optical
hmiting devices [7], etc ) 1s owing to 1ts magnetically tun-
able properties Especially, magneto-optic (MO) study has
posed immense scientific interest as 1t relies on user-friendly
and non-invasive principles Strategically, Faraday rotation,
birefringence, dichroism, etc are among the widely investi-
gated MO effects [8, 9] The dependence of FR on the con-
centration of the MNPs has also been reported [10] Plenty
works highlighting MO effect under different conditions ex-
1st in the hterature [11-13], however, FR studies on samples
exposed to energetic radiation are rarely found

With a frequency larger than the X-rays, y-irradiation
1s regarded as the most energetic electromagnetic radiation
The high energetic y-radiation 1s found to be abundant in
the space and 1s beheved to be major cause of the mag-
netic fields of many extra-terrestnal objects The FR effect
has been considered a powerful tool for estimating magnetc
field strengths 1n Galactic and extra-galactic sources [14]
In the field of medical sciences, the new approach of y-
wrradiation has accelerated the concept of drug delivery from
ferrofluids with great prectsion and control {15]

@ Springer
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In this report, we present the effect of y-irradiation
on the water-dispersed Fe3;O4 based ferrofluids The size-
dependent optical and magneto-optical changes as a result
of wrradiation are also highlighted

2 Experimental: materials and methods

The preparation of a stable water-based ferrofluid requires
that the MNPs are coated with two layers of surfactant
First, we synthesized magnetite (Fe304) particles by a co-
precipitation method following an earlier method [16] with
some modification At constant stirring (~200 rpm), FeCl3
and FeCly (1in the molar ratio Fet2/Fet3 = 0 5) were trans-
ferred simultaneously to a conical flask containing 25 ml
of 04 N HCl Then, 200 pl of oleic acid (C1gH340>, 99%
pure, Otto) was mixed with 3 ml of AR-grade acetone and
then transferred to the above precursor The resulting so-
lution was added drop-wise to 250 ml of 15 N NaOH
solution under vigorous stirring To facilitate the reacuon,
100 pl of oletc acid was added in steps, in 10 min inter-
val This has resulted 1n a dark black coloration In the pre-
cursor, the nanoparticle growth was allowed to proceed for
30 min at 30°C with constant stirring Finally, 1t was allowed
to cool down to room temperature and by performing re-
peated washing, centrifugation and decantation, we obtatned
impurity-free surfactant-coated magnetite powder

In order to prepare a water-based ferrofluid, ~2 g of oleic
acid coated MNPs were added to 40 ml of milli-Q water and
then heated to 60°C under vigorous strring, for 1 h Simul-
taneously, a separate solution of oleic acid, milh-Q water
and a few drops of NH4OH was prepared and added to 1t to
get a stable solution (pH =10 2)

The as-prepared ferroflutd was irradiated with a y -source
(®®Co chamber) that 1s capable of emitting photons with av-
erage energy of 1 25 MeV and at a dose rate of 1 8 Gy/sec
For making a comparative analysis with reference to the
prtstine sample, we have selected two doses, 1 € , 878 Gy and
2 635 kGy The synthesized Fe3O4 particles were character-
1zed by an X-ray diffractometer (Rigaku Mim Flex 200) Mi-
croscopic charactenization of the pristine and irradiated fer-
roflurd was performed by transmission electron microscopy
(TEM, JEOL-JEM CX Tl model) The specimen was first di-
luted and then subjected to ultrasonication for 45 min, and
then a microdrop was placed gently on a carbon-coated cop-
per grid The size and size distribution of the particles, be-
fore and after irradiation, were also deliberated through dy-
namic light scattering (DLS nanoZS, Malvern Instruments)
experiments Further, m order to examine the nature of
radiation-induced changes in the molecular vibration and
binding, the samples were analyzed by Fourter transform
infrared (FT-IR, Nicolet Tmpact 410) spectroscopy Fara-
day rotation was measured in a custom made experimen-

&) Springer

tal set-up following an earher work [9] The optical compo-
nents of the set-up include sohd-state lasers (P = 20 mW,
A =16328 nm, P =50 mW, A =532 nm), a plano-convex
lens to collimate the laser light, a polarizer, an analyser and
a Si1 photodiode (detector) sensiive within visible to red
hight An electromagnet was used as the source of external
magnetic field With the help of a set of a surface polished
murrors (reflectance > 99 9%), the incident laser light was
aligned along the direction of the applied field The FR was
measured as the function of the ratio of the transmitted hight
intensities without and with placement of analyser as dis-
cussed 1n the hiterature [9]

3 Results and discussion
31 XRD analysis

The synthesized MNPs were first charactenized by XRD
Figure 1(a)1s a typical XRD pattern of the synthesized prod-
uct which 1s characterized by five distinct peaks located at
29 87°, 35 15°, 42 92°, 56 84° and 62 4° and correspond-
ing to (220), (311), (400), (511) and (440) planes of n-
verse spinel crystal structure of magnetite system [17, 18]
In order to estimate average crystallite size (d), we used the
Williamson—Hall (W-H) equation given by [19]

09X
Bhki €08 Opyy = 4 +4nsinBpy n

where Sy 1s the full width at half-maxima (FWHM) in ra-
dian, By 1s the diffraction angle 1n degrees, A 1s the wave-
length of the X-rays (~1 54 A), and p represents a di-
mensionless quantity, termed as microstrain A positive mi-
crostrain indicates interparticle contraction while a negative
value represents relaxatton in the system The W-H plot was
drawn considering prominent XRD peaks (Fig 1(b)) The
microstrain was calculated from the slope, whereas crystal-
lite size was determined from the intercept of the W-H plot
In our system, the microstrain and average crystallite size
are estimated to be —7 x 1072, and ~7 nm, respectively

32 TEM analysis

The direct proof of evidence on the formation of nanopar-
ticles can be assessed from TEM studies Figure 2 depicts
the TEM images of ultrasonically agitated magnetite partt-
cles of the pristine and y-rradiated ferroflwids 1t 1s evident
that the particles retain their spherical shape both in case
of the pristine ferrofluid and the one which was wradiated
with a dose of 878 Gy (Fig 2(b)) except the fact that parti-
cles existed in unclustered form 1n the later case When the
ferrofluid was irradiated with a comparatively higher dose
(2 635 kGy), some noticeable structural changes were ob-
served In the pristine ferrofluid, the particles are of average
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Fig. 1 (a) XRD pattern of the synthesized magnetite (Fe304) parti-
cles, and (b) W-H plot obtained using major diffraction peaks from (a)

size ~8 nm. As can be found from the micrographs, the y-
irradiated ferrofluids contained substantial amount of larger
particles along with several smaller particles. Particles with
an average size of ~20, and 48 nm are observed in case of
the ferrofiuids irradiated with a dose of 878, and 2.635 kGy,
respectively. If an energetic radiation, e.g. y or electron ra-
diation, passes through material, it can result in fragmen-
tation or recrystallization along with the induction of point
defects. Consequently, the physical properties of the mate-
rial would get modified [20]. We speculate that the Fe3Oy4
particles, dispersed in the ferrofluids undergo solid state re-
crystallization and particle growth via absorption of energy
from y-radiation and dissipating into the surrounding en-
vironment. It is expected that the smaller particles will be
more spherically symmetric than the larger ones.

3.3 DLS studies

In order to know the particle size distribution under hydro-
dynamic interactions, the pristine and irradiated ferrofluids

50 nm

50 nm

Fig. 2 TEM micrograph of (a) pristine and trradiated ferrofluids with
dose (b) 878 Gy, (¢) 2.635 kGy

are also analyzed by dynamic light scattering studies. Fig-
ure 3(a) is the size distribution of the unirradiated ferrofluid,
which predicts that most of the particles are having an aver-
age size of ~15 nm. In case of the ferrofluid irradiated with
a dose of 878 Gy, the average size is increased (~28 nm)
and for the higher dose (2.635 kGy) it is ~60 nm. Thus,
adequate particle growth, as a result of y-radiation, is also
evident from the DLS studies. Note that the predicted val-
ues are somewhat larger than the values obtained from TEM
analyses owing to the fact that the DLS study which relies
on scattering events depends on the hydrodynamic diame-
ters of the particles that are coated with surfactant layers. It
was also observed that the FWHM (£, in nm) of the Gaus-
sian fitting gets increased from 6.8 for the pristine to 32.1 nm
for the irradiated (dose: 2.635 kGy) ferrofluids. For the fer-
rofluid irradiated with a dose of 878 Gy, £ is found to be
17.02. Tt indicates that the particle size distribution has in-
creased with irradiation dose.

3.4 FT-IR analysis
FT-IR spectroscopy is a healthier access to trace the change

in the vibrational features due to the presence of certain con-
stituents in a given material system. The characteristic bend-
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Fig. 3 DLS study of the (a) pristine and irradiated ferrofluid with
doses (b) 878 Gy and (c) 2 635 kGy

ing, bonding or stretching modes of the TR active material
corresponds to specific peaks in an FT-IR spectrum. Fig-
ure 4 shows the room temperature FT-IR spectra of the pris-
tine and the irradiated ferrofluids. Except a peak observable
at ~2077 cm~" and identified as C—O stretching mode of
the atmospheric CO; molecule, all other peaks correspond
to the chemical constituents available in the ferrofluid un-
der study. The broad band at ~3488.07 cm™! and the small
peak at ~2403 cm™! represent the characteristic O~H bend-
ing and stretching vibrational modes of the hydroxyl group

a Springer
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Fig. 4 FT-IR spectra of pristine and irradiated ferrofluids

of water molecule. The sharp peak at ~1670 cm™' and a
weak peak at ~1161 cm™! give the respective signatures
of strong and medium —CO-OH bonding of oleic acid. The
typical Fe~O stretching vibrations of Fe304 are prominent
in the lower wavenumber region, in the range 598-566 cm™!
and 510-445 cm™!. It is seen that after irradiation, the char-
acteristics peak of Fe304 has shifted further toward lower
wavenumber side. We know that for nanoscale size, the force
constant associated with bonds tends to increase. Due to
the small size, a large number of bonds involving surface
atoms of the nanostructures break down, resulting in a rear-
rangement of non-localized electrons on the surface. Conse-
quently, the smaller the size, the larger will be the shift of
vibrational peak toward higher wavenumber side and vice
versa [21]. Tt may be noted that evolution of no new peak
in the spectra of the irradiated samples affirms that neither
the MNP nor the surfactant (oleic acid) layer has dissoci-
ated/transformed into new chemical species.

3.5 Magneto-optic Faraday effect

When optical activity of a material under study changes
with the application of a magnetic field, the corresponding
effect is called as magneto-optic effect. Magneto-optic ef-
fect is important in the sense that it provides information
regarding the electronic and the spin structure of thc sys-
tem. The orientation of the light polarization in a medium
can be studied either in the transmission mode (Faraday ro-
tation) or in the reflection mode (Kerr effect). FR is a mea-
sure of the interaction of a plane polarized light with matter
in the presence of an external magnetic field applied along
the direction of light wave propagation. When a polarized
light beam is transmitted through an optically active mat-
ter, it undergoes transformation into two circularly polar-
ized light' beams. Generally [22], FR (AFf) is expressed as
6r = VHI, where V is the Verdet constant of the material,
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Fig. 5a Schematic expenimental set-up for Faraday rotation measure-
ment with L laser, C colhmator (lens), P polanizer, SM specimen,
(M), My, M3) mirror, A analyser, D photodetector
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Fig. 5b Faraday rotation of milli-Q water

H 1s the applied magneuc field and / 1s the optical path
length A custom-made Faraday rotation set-up 1s shown
schematically in Fig 5a In order to calibrate our set-up us-
ing a wavelength of 632 8 nm, first we measured the FR of
milli-Q water taken 1n a 1 cm cuvette with empty cuvette as
reference (Fig 5b) On hinear fitting of the curve, the Verdet
constant of water was calculated to be 3 9 x 10~ deg/G-cm
and 1s found to be consistent with the reported value [23]
The FR responses of the pristine ferrofluid measured for
two different wavelengths (532 and 632 nm) are shown
m Fig 5c For a given wavelength, the rotation gradu-
ally increases with the field and then exhibits a saturation
trend Such a Faraday response ts quite obvious in ferroflu-
1ds [24, 25] and semiconductor doped with magnetic 1m-
purnities [26] With the application of an external field, the
parucles dispersed 1n a ferrofluid form chain or column
like structures, which would otherwise exhibit independent
Brownian motion tn isolation from each other In the pres-
ence of a field, first the individual particles try to align them-

4.04
3.5
R
E 3.04
= )
L 2.5
-
£
e 20
IS
g 1.5 4 A= 632 nm
e | v  A=532nm
& 1.0
0.5
L] T v T T T r—t T .]
200 400 600 800 1000 1200 1400
c Magnetic field (G)

Fig. 5¢ Faraday rotation response of unirradiated ferrofluid at two dif-
ferent wavelengths
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Fig. 5d Faraday rotation response of pnstine and irradiated

selves along the field Later, these chains get aligned owing
to zippering effect and when all the chains are aligned along
the applied field, FR reaches saturation value Considering
chaining effect into account the FR for ferroflutds can be
expressed as [27]

op = c M) | VHI(H) )
My

Here, C 1s a constant, M(H) 1s the magneuzation of the
particle at an applied field H where as Mg represents the
saturation magnetization of the specimen and, finally, /(H)
represents the chain length at a field H It was also been
revealed that at a defimte magnetc field the FR has a de-
pendency on the excited wavelength (Fig 5c¢) Tt may be
noted that larger wavelength corresponds to a lower energy
and, hence, 1t will hinder the chain formation only weakly
Consequently, an excited light with larger wavelength would
result 1n a significant FR 1in companison with a light beam

@ Springer
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possessing a shorter wavelength The Faraday response of
the wradiated and pristine ferrofluids (working wavelength
632 nm) 1s shown in Fag 5d. Tt was observed that the
FR gets enhanced with the irradiation dose Quanttatively,
the Verdet constant, as calculated from the linear part, was
found to improve from 0 64 x 1072 t0 5 9 x 1072 deg/G-cm
for pristine ferrofluid and the one subjected to irradiation
(dose 2635 kGy) The ninefold enhancement of FR can be
attnibuted to the structural reorganization of the dispersed
nanoparticles In Fe3O4 system, 3d electronic states of 1ron
are generally responsible for the magneto-optic effect [28]
The cations (Fe3* and Fe?*t) are behieved to occupy the
tetrahedral and octahedral sites They interact with the oxy-
gen locahzed states which are already present in the vicinity
of their neighboring environment The FR takes place due
to the intervalence charge-transfer transitions (0 6 eV) be-
tween neighboring Fe?t and Fe3t yons [23, 29} Further, n
nanoscale dimension, the finite size effect of MNPs leads to
tremendous change in the magnetic ordering [30], whereas
magnetization decreases with size [31] So, with the reduc-
tion of size, the number of possible sites responsible for the
FR would decrease Conversely, the ratio of Fe?* /Fe3* will
be more in a bigger sized particle than that of a smaller
one In the host lattice, y-nradiation can cause modifica-
tion by annihilating/creating point defects [32] The rradi-
ation leads to the alteration of the total number of oxygen
vacancy sites of the Fe304 system which in turn influence
the charge transfer process In addition, (2) shows that chain
formation plays a crucial rule 1n the FR of ferroflud The ef-
fective magnetic interaction between two magnetic nanopar-
ticles can be described by a coupling constant (A) given by
[33]

_ mpox’Ha®

T2K4T )

The coupling constant 1s the ratio of the maximum magni-
tude nteraction energy to the thermal energy (kgT) in the
system Here, a 1s the diameter of the MNPs and x 1s the
effective susceptibility of individual MNPs The favourable
condition for chain formation of the dispersed particles 1s
A > | At a specific applied field, the bigger particles are
more prone to the chaining effect than the smaller ones
The higher the number of chan forming capacity, the larger
would be the FR 1n a given ferrofluid specimen Tt 1s because
of this that the irradiated ferrofluids record substantial FR in
comparison with the pristine one

4 Conclusion
We have synthesized oleic acid coated Fe3O4 based fer-

roflud taking water as carrier medium The prepared fer-
roflwds were rradiated with y-irradiation at two selected

@_ Springer

doses of 878 Gy and 2 635 kGy The TEM and DLS stud-
ies 1llustrate particle growth with radiation dose The FT-
TR study ensures protective bonding of surfactant-coated
MNPs and the possibihity of dissociation as a result of ir-
radiation was discarded Consistently with other reports, we
found that the FR of our ferrofiuids (both pristine and irra-
diated) gradually increase with the applied magneuc field
and then tend to saturate The wradiation effect on the
FR 1s manifested as enhanced rotation with dose We as-
sign this enhancement with the particle growth, increased
charge-transfer capacity and more chamn-forming capacity
Enhanced magneto-optic activity would find apphication in
Faraday isolator, rotator and dichroic optical components
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Ferrofluids are being considered as potential candidates both in basic and applied
research owing to their novel optical and magneto-optical properties. We have
synthesised surfactant (N-Cetyl-N,N,N-trimethylammonium bromide, CTAB)-
coated nanoscale gadolinium oxide (Gd>O) based ferrofluids and then irradiated
by gamma (y-) rays with doses in the range of 32 Gy-2.635kGy. High-resolution
transmission electron microscope (HRTEM) analysis shows that the particles
have developed intragranular defects owing to y-ray irradiation. Fourier
transform infrared (FT-IR) and photoluminescence (PL) studies also support
the formation of defect ordering upon irradiation. Further, PL study indicates
abrupt change of the symmetry factor with increase in y-dose. By viewing the
nature of variation between relative intensity of the defect-related emission and
dose-dependent symmetry factor, one can predict the tunability of PL response. A
proper understanding of the PL response of the irradiated nanoscale rare-earth
oxides would find new avenues for lasing and other optoelectronic/photonic
devices.

Keywords: ferrofluid; gamma irradiation; photoluminescence; defect

1. Introduction

The growing interest of low-dimensional materials with respect to their bulk counterparts
dwells on their unique electronic, magnetic, optical and mechanical properties. In the
recent decades, nanoscience and nanotechnology have emerged as a thrilling trend both in
the field of basic research and industrial application [1,2]. Magnetic nanoparticle (MNP)
systems have attracted a great deal of attention for their size-dependent functionality and
applicability in making integrated/hybrid structures. Ferrofluid, a colloidal dispersion of
MNPs, has several advantages as it displays tunable viscoelastic and optical properties
in the presence of a static magnetic field (SMF) [3]. The most commonly used ferrofluids
generally comprise superparamagnetic magnetite (Fe;O,4) or, maghemite (y-Fe,Os)
particles which are dispersed in a suitable carrier fluid (oil, water, etc.). Ferrofluids have
potential in the area of drug targeting [4], sealing [5], shielding (6], optical limiting devices

*Corresponding author. Email: best@tezu.ernet.in
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[7], etc. Also, ferrofluids are widely used in aircrafts and space shuttles. It has been found
that the rare-earth (RE) oxide materiais exhibit lower toxicity in comparison to several
types of quantum dots (Cd, Se, Tb, Hg, etc.) [8]. There exists ample scope for the
deployment of RE oxide-based ferrofluids as imperative fluorescent/drug targeting agents.
Further, owing to better environmental stability and durability, RE oxide-based
ferrofluids emerge as alternative candidate with immense technological relevance in
sealing and shielding applications.

Gamma (y) rays are energetic electromagnetic radiations like X-rays. They are the
most energetic form of electromagnetic radiation. y-radiation is most common in outer
space environment. This type of radiation has mixed impact on different materials. There
are reports on the effect of this type of radiation on the lasing performance of Nd, Cr:
GSGG (Cr**-doped gadolinium scandium gallium garnet) crystals. It was found that these
crystals retain high threshold for laser damage up to y-ray doses of | MGy [9]. However,
on exposure of such radiation, colour centres are induced which strengthen the
fluorescence property [10]. Previously, Mak et al. [11] have observed shifting of
photoluminescence (PL) peak after y-irradiation in ZnSe crystals. They correlated the
peak-shifting with the band-gap variation and ascribed it to radiation stimulated solid-
state recrystallisation and accumulation of point defects. In RE-doped alkaline earth
sulphates, the effect of y-irradiation was shown to influence their lattice parameters and
luminescence patterns [12].

In this context, there is hardly any work that describes spectroscopic and light-emitting
properties of y-irradiated RE-based ferrofluids. In this report, we highlight the synthesis
and impact of y-radiation on the molecular vibrational features and asymmetric emission
response of gadolinium oxide (Gd,05)-based ferrofluids.

2. Experimental: materials and methods

The bulk Gd,0; is a very stablé RE compound against high-pressure, high-temperature
and environmental degeneration. It is very difficult to synthesise it in nanoscale form
following top-down approach. In order to prepare nano-sized Gd,0O; powders, we have
followed a low-cost physico-chemical route as proposed by Chen et al. [13] with little
modification. In this method, bulk Gd,O; is converted first into a nitrate compound
followed by subsequent reduction to get hydroxide and oxide products. At first, 1 mmol of
bulk Gd,0; (99%, Otto) was added to S0mL of double-distiled water. Then, an
appropriate amount of HNO; (69%GR, Merck) was mixed to this solution under
vigorous stirring until a clear solution of Gd(NOs); is obtained. The solution was diluted
to 100 mL in a volumetric conical flask by adding more distilled water and then 3.3 g of
N-Cetyl-N,N,N-trimethylammonium bromide (CTAB) was subsequently added at 65°C
resulting in a yellow coloured precursor. After the yellowish solution was cooled down to
the room temperature, 10 mL of freshly prepared 0.006 M aqueous NaOH was transferred
to it. As a result, a white precipitate of Gd(OH); 1s formed which 1s then followed by
continuous stirring (30 min), and centrifugation (30 min). In order to obtain finest quality
precipitate, the as-received product was subjected to repeated washing with hot distilled
water and centrifugation. The precipitate was dried in air and then heated at 800°C for 1 h
till an off-white powder of Gd,0; is received. For preparing a ferrofluid system,
surfactant-coated particles were required to get dispersed in a carrier fluid. We have chosen
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ethanol as a carrier medium as CTAB is chemically inert in ethanol. The CTAB-coated
Gd,0; nanoscale powder was dissolved in ethanol followed by stirring overnight which
has resulted in a well-dispersed Gd,O; ferroftuid. The prepared ferrofluid was then divided
into six equal parts for carrying out irradiation experiment independently.

The as-prepared ferrofluid was irradiated with a y-source (*’Co chamber) that is
capable of emitting photons with an average energy of 1.25 MeV at a dose rate of 1.8 Gy/s.
Keeping in mind the amount of doses used by earlier workers, we have selected five doses
i.e. 32, 97, 292, 878 Gy and 2.635kGy. The crystal structure of the synthesised Gd,0;
powder was first investigated by an X-ray diffractometer (XRD, Rigaku Mini Flex 200).
Microscopic characterisation of the pristine and irradiated ferrofluid was performed by a
high-resolution transmission electron microscope (HRTEM, FEI, Tecnai S-twin) operat-
ing at an accelerating voltage of 200 kV. For this purpose, the specimen was first subjected
to ultrasonication and then a microdrop was gently placed on a carbon-coated copper
grid (no. of meshes: 400cm™2). The spectroscopic and luminescence properties of the
ferrofluids were characterised by different tools, namely Fourier transform infra-red
spectroscopy (FT-IR, Nicolet Impact 410) and PL spectroscopy (Perkin Elmer LS 55).

3. Results and discussion

The structural and morphological aspects were revealed by HRTEM and XRD analyses.
In contrast, the nature of molecular vibration and radiative light emission characteristics
were explored by FT-IR and PL measurements, respectively.

3.1. Microscopic and diffraction studies

The structural and morphological aspects of the synthesised nanoscale Gd,O; were
investigated by HRTEM and are shown in Figure 1. The average size of the nanoparticles
as revealed from the micrograph is ~9 nm. The particles are found to be nearly spherical
along with a high degree of crystallinity and perfect lattice ordering. Figure 1(a) and inset
reveal nearly spherical particles with distinct lattice planes and an interplanar spacing of
0.28 nm. The predicted value of the interplanar spacing corresponds to the separation of
(003) planes of the monoclinic Gd,Os5 structure, ascertained from the prominent peaks
of the XRD pattern (shown in Figure 1b). A close look on the micrograph of the irradiated
(dose: 2.635 kGy) sample, shown in Figure 1(c), ensures the formation of nanoscale defects
in the successive lattice planes (red arrows). The defects can be in the form of voids
(vacancies) or dislocations. For instance, evidence of point defect and dislocation are
shown by solid and open arrows, respectively. The inset of Figure [(c) represents the
selected area electron diffraction (SAED) pattern of the irradiated specimen. The bright
rings are indexed as (0 0 3), (2 0 3), (313) and are in conformity with the earlier XRD
analysis of monoclinic Gd>O5 system [14].

3.2. FT-IR analysis

Fourier spectroscopy is an important tool to describe the analysis of a varying signal into
its constituent frequency components. FT-IR is a powerful method that helps in reveal-
ing bending, bonding and stretching modes of various IR active molecular vibrations.
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Figure 1. (a) HRTEM and (b) XRD patterns of synthesised nanoscale Gd»O; particles and
(c) HRTEM image of the particles of the prepared ferrofluid subjected to y-irradiation (dose:
2.635 kGy). Inset of (a) 1s the (0 0 3) plane and inset of (¢} is the SAED image.

Figure 2 depicts the FT-IR spectra of the ferrofluids that were irradiated with different
doses. The conventional peaks appearing at ~3403 and 2400 cm ™' represent the respective
signatures of O-H stretching and C-O stretching of atmospheric water and CO,
molecules. In the case of ethanol, bending modes of CH; and CH, occur at ~1392 and
1452cm™!, respectively; whereas CH,, CH,;, CO and OH stretching vibrations are
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Figure 2. FT-IR spectra of the ferrofluids irradiated with different doses: (a) 32 Gy, (b) 97 Gy,
(c) 292 Gy (d) 878 Gy and (e) 2.635kGy.

Table 1. Assigned modes in the FT-IR spectra.

Peak position (cm™") Assigned mode

2980 C-CH; asymmetric stretching and N-CH;
symmetric stretching of CTAB

1550 —CH,—- and —CHj; stretching of CTAB

1384-1392 CHj; vibration of ethanol

1452-1469 CH, vibration of ethanol

1058 C-0 vibration of ethanol

536 In-plane Gd-O vibration

ohservable at ~2910, 2975, 1060 and 3679 cm ™' [15]. The weak band at 2980 cm ™' and the
sharp band at 1550cm™"' indicate the presence of CTAB in the samples [16]. Different
peaks that are assigned to various components of Gd,0s-based ferrofluids are listed in
Table 1. It was evident that the vibrational features corresponding to the Gd—O bonds
have been influenced by the irradiation effect. A close look on the spectra reveals that with
increasing dose of y-radiation, the peak becomes more prominent. But an anomaly in the
Gd-O vibration mode with discontinuities and less intensity profile is observed in sample
irradiated with a dose of 878 Gy. Defects like oxygen vacancies are very common in oxide
compounds. Some Gd vacancies produced during synthesis may also exist in the system. In
fact, the creation of large number of free electrons by the energetic y-rays (1.25 MeV) can
take part in defect formation. The observed variation in the metal-oxygen bond vibration
with increased dose can be correlated with the increased defects up to a certain dose, where
the defects get saturated by distributing along the grain boundaries and the surface. We
speculate that the uneven distribution of defects and inhomogeneities have led to the
discontinuities in the vibrational patterns. It was reported that ethanol (the carrier fluid of
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the ferrofluid) is less reactive in y-radiation [17]. But the nanoparticle-dispersed ethanol is
characterised by an appreciable modification in the characteristic peaks observable at 1058
and 1459-1469cm™".

3.3. PL studies

The influence of light on the nature of radiative transition in material systems makes
PL spectroscopy an important tool for material characterisation. Intra- and inter-band
transitions can be visualised by PL studies. The room temperature PL spectra
(Aex =270nm) of unirradiated and irradiated ferrofluids are shown in Figure 3(A).
The unirradiated ferrofluid has recorded an asymmetrically broadened spectrum peaking
at ~355nm. Earlier reports have suggested that this peak can be attributed to
6P7/2 <~ 887/2 transitions of Gd(IIT) [18]. Also the observed asymmetry in the PL response
(pristine sample) is assigned to the existence of surface defects on the nanoscale Gd,0;
crystallites. In the pristine sample, the defect-related transition is very weak.
Consequently, the overall PL spectrum of the pristine sample is dominated by the
band-to-band transition. Upon y-irradiation, the above-mentioned peak is red-shifted to
390nm (we speculate that this is a superimposed peak due to band-to-band and defect
emission). In this system, besides the already present vacancies, plentiful metastable
surface states (defect states) are created due to y-irradiation. Along with the shifting of
the main peak towards higher wavelength, the abrupt change in symmetry signifies a
remarkable improvement in the emission process via intermediate states, created by
y-irradiation. Note that, during exposure of y-radiation, electrons are emitted due to the
interaction of high-energy photons with the medium through the Compton effect. These
electrons can be accommodated in the pre-existing oxygen vacancies. In oxide systems,
an electron in oxygen vacancy results in F¥ centre [19]. The surface defect states are
positioned well below the lower end of the upper energy level. It is the transition via
these surface states that has resulted in the red-shifting of the emission peak, thus
obstructing direct band-to-band transition significantly.

In order to correlate the amount of defect formation, asymmetry introduced and
y-dose, we have performed deconvolution mechanism on each of the PL spectra
(Figure 3B). Upon deconvolution, two distinct Gaussian peaks with variable intensities are
obtained. The first peak positioned at ~355nm is band-to-band (6P7/2 < 887/2) emission.
The second peak is recognised as a defect-related peak and located at ~410 nm, for all the
irradiated ferrofluid samples. Irradiation-dependent variation in the peak intensity of these
two peaks would describe the nature of radiative transition undergoing in a given
specimen. Emission as a result of formation/annihilation of additional defect centres
manifests the definite PL intensity in a selective way.

For the sake of clarity and better understanding, we have estimated symmetry factor
(S) and correlated with the intensities of the deconvoluted peaks with respect to the
original peak. Note that right symmetry (Sg) is related to the defect emission process
whereas left symmetry (S.) is associated with the band-to-band emission. Here, right
symmetry factor is defined by (Ay —Ar)/AA with Ay representing peak-wavelength
corresponding to the main peak, Ay is the wavelength on the right-hand side of the full
width at half maxima (FWHM) and AX = Ag — A, Ap being the half-width wavelength on
the left-hand side of the FWHM. Figure 4(a) represents the variation of relative right
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Figure 3. Room temperature PL response of (A) unirradiated and y-irradiated Gd,O; ferrofluids
with doses (a) 32 Gy, (b) 97 Gy, (c) 292 Gy, (d) 878 Gy and (¢) 2.635kGy. (B) (a)—(e) representing
respective deconvolution of individual PL peaks of the irradiated samples.

symmetry factor as well as relative intensity (/,/I, I, being the intensity of the defect
emission after deconvolution and 7 is the intensity of the main peak) obtained from the
deconvolution. Similarly, the respective variations for the band-to-band emission can be
shown in Figure 4(b) with relative intensity as 7;/7 (J; is the intensity of the deconvoluted
band-to-band emission) and relative symmetry factor S /S (S is the left symmetry factor
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Figure 4. Variation of relative intensity and relative symmetry factor vs. dose corresponding to
(a) defect-related emission and (b) band-to-band emission.

of the pristine sample). Interestingly, it was found that the relative intensity and symmetry
factor changes in a similar fashion with increasing dose, thus indicating direct relation
between these two measuring parameters. In PL spectroscopy, the intensity is a measure of
the number of radiative transitions while symmetry signifies the nature of radiative centres
(energy spacing, order, etc.). The non-linear nature of the curve indicates the simultaneous
effect of defect formation/passivation in the irradiated system. By and large, it is expected
that the formation and annihilation processes compete each other until stable energy states
(defect states) are created. First, with the increase in dose from 32 to 97 Gy, we observe
drastic reduction in the relative PL intensity which may be ascribed to adequate
passivation of surface defects. Surprisingly, further increase in dose to 292 and 878 Gy is
characterised by significant enhancement of I,/7 ratio. At the highest dose (2.635 kGy), we
notice further reduction of /,/I. The relative symmetry factor (Sg/S) also gives a similar
pattern. Reduction of defects makes the overall PL spectrum more symmetric with
suppressed right symmetry factor. The y-ray induced defect creation is not an indefinite
process and we speculate that the defects get saturated after a critical dose. The defects
could exist in the form of vacancies, interstitials, antisites, etc.
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4. Conclusions

We have synthesised RE oxide (Gd,05)-based ferrofluid taking ethanol as carrier fluid
and CTAB as surfactant for coating the nanoparticles. The as-prepared ferrofluid was
irradiated with five different doses of y-radiation starting from 32 Gy to 2.635kGy. In
HRTEM study, it was found that though there is no change in the interplanar spacing of
atoms that make-up the nanoparticle, numerous defects, such as vacancies and
dislocations are created with:radiation. Its impact was also observed in FT-IR study.
Room temperature luminescence study has exhibited shifting and change in the intensity of
the PL peak after irradiation with respect to that of the pristine one. We correlate this
observable change with the creation/annihilation and saturation of defects along the grain
boundaries. Also, on administering deconvolution process, it was revealed that the
intensity and symmetry of the PL spectra can be changed with irradiation doses. We have
predicted a direct linkage between the relative intensity and relative symmetry factor and
suggest that, beyond a critical dose, defects would tend to saturate for the irradiated
samples. A more careful investigation followed by theoretical justification is in progress.
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The present work reports on magnetically induced optical activity (such as Faraday rotation and
lingar dichroism) of pristine and gamma-irradiated gadolimum oxide (Gd,03) nanoparticle-based
ferroflwds  The terrofluids were produced by dispersing N-cetyl-N,N,N-trimethy! ammonium
bromide (CTAB)-coated ~9-nm-sized Gd,04 particles in a carnier flind of ethanol The ferrofluids
were then irradiated with 1 25 MeV energetic gamma rays (dose 868 Gy and 2 635 kGy) Irradiation-
led formation of a number of point defects was revealed through high resolution electron microscopy
The nteraction of light with the 1omzed pomt defects 1s believed to have caused substantial
improvement in the magneto-optic response of irradiated magnetic fluids © 20712 American Institute

of Physics [doi 10 1063/1 3682765]

I. INTRODUCTION

Among vartous kinds of nanostructured systems, disper-
sion of magnetic nanoparticles (MNPs) 1n a carrier fluid 1s
constdered as one of the most promising areas of investiga-
tion, both from the pomnt of view of fundamental understand-
ng as well as applied research Ferrofluids (FF) are basically
stable suspension of MNPs (e g , Fe;0,, CoFe, 0y, Gd203)l'3
in select carmer fluids, such as water, o1l, ethanol, etc To
prevent agglomeration, the MNPs are generally coated with
surfactants of either antonic or cationic types * 5 The FF, pop-
ularly called magnetic fluids have a wide range of potential
apphication that includes drug (argetlng,5 sealmg,7 shu.:ldlng,8
and optical limiting® devices Further, FFs find a prominent
role 1 the arrcraft industry and technology associated with
space applications Compared to other nanoscale systems
(Cd, Tb, Hg, etc), rare-earth (RE) oxides were found to be
less toxic '® Owing to higher chemical and environmental sta-
bility over conventional FF, RE oxide nanostructure-based
FF can emerge as an altemative candidate for use, particularly
when stability 1s a major concern Very recently, we have
found that radiation could result in particle-aggregation n the
case of the Fe O, nanosystem,'' whereas no particle-
coalescence was observed for the nanoscale Gd,O; system

Earher, it was known that, with the application of
an external field, MNPs or therr moments orient along the
direction of the field The nature of orientation 1s largely
dependent on the size of the MNPs as well as on the field
strength Consequently, amisotropy would build up mn the
magnetically induced optical absorption of the FF, giving
nise to onentational birefringence or dichroism '2'* Numer-
ous reports were also available in the literature with regard
to the magneto-optic response of magnetite- and fernte-
based FFs ? '2 13 However, there exists hardly any report that
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highlhights magneto-optic features of nanoscale RE oxide—
based FFs

In this work, we present the results of magneto-optic
charactenistics of novel FFs, which were based on pnistine
and gamma-wrradiated Gd, 04 nanoscale systems Essentially,
the nature of Faraday rotation (FR) and hnear dichroism
(LD) 1s discussed n conjunction with the y-irradiation expo-
sure and defect mamifestation

lil. EXPERIMENTAL DETAILS

RE oxide matenals are very stable against high-
temperature, high-pressure, and environmental degeneration
That 1s why synthesis of nanoscale RE oxides 1s extremely
difficult following the top-down approach The nano-sized
Gd,0 powders were synthesized by adopting a low-cost,
two-step phystco-chenucal route reported elsewhere'® and
introducing partial modification to 1t In this method, bulk
gadolinmim oxide 1s first converted to gadolimum nitrate
[Gd(NO3),), followed by subsequent reduction to yield hy-
droxide and oxide products At first 1 mmol of bulk Gd.O4
(99%, Otto) was added to 50 mL of double-distilled water
Then, an appropriate amount (~25 mL) of HNO; (69%
GR, Merck) was mixed to this solution under vigorous stir-
nng (~250 rpm) unul a clear solution of Gd(NO-); was
obtained The solution was then diluted to 100 mi. in a volu-
metric conical flask, and, subsequently, 33 g of N-Cetyl-
N,N,N-trimethylammonum brormde (CTAB) was added at
65°C, which has resulted m a yellow-colored precursor On
cooling down to room temperature, 10 mL of freshly pre-
pared 0 006 M aqueous NaOH was transferred all at once
Consequently, a white precipitate of Gd(OH)s 1s formed,
which 1s then subjected to vigorous stirnng (30 min) and
centrifugation (30 min) In order to obtan the finest quality
preciputate, the as-received product was subjected to repeated
washing with hot distilled water and centrifugation Later,
the white precipitate was dried in air and sintered at 860°C

© 2012 American Institute of Physics
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for 1 h, so as to obtain an off-white product of Gd.O,
nanopowder .

In order to prepare a FF system, surfactant-coated par-
ticles need to be dispersed in a carrier flind Since CTAB s
chemically mert in ethanol, we preferred to choose ethanol
as the carner medium The CTAB-coated Gd,O; nanoscale
paticles were first transferred to ethanol medium, and, n
order to achieve umform dispersion, the sample was fol-
lowed by stirming overmight The prepared FF was then di-
vided 1nto three equal parts for carrying out an independent
wradiation expenment The as-prepared FF was irradiated
with a y-source (°Co chamber) that 1s capable of emitting
photons with an average energy of 1 25 MeV and at a dose
rate of 1 8 Gy/s Two doses of 868 Gy and 2 635 kGy were
selected for the irradiation studies Microscopic characteriza-
tion of the pristine and rradiated FF was performed by high-
resolution transmission electron microscopy (HRTEM, FEI,
Tecnai S-twin) operating at an accelerating voltage of 200
kV For this purpose, the spectmen was sonicated properly
and then a microdrop was placed gently on a carbon-coated
copper gnd (no of meshes 400 cm™2)

Magneto-optic propertics were explored using a mono-
chromatic laser source, an electromagnet, a set of polanzer
and analyzer, a sample cuvette, and photodetector

Ill. RESULTS AND DISCUSSION

The details of morphological and magneto-optic charac-
teristics are as discussed below

A. Structural and microscopic analysis

The structural and morphological aspects of the synthe-
sized nanoscale Gd,0, were assessed by HRTEM, and the
tmages of which are shown in Fig 1 The average size of the
nanoparticles, as revealed from the micrograph, 1s ~9 nm
The particles are found to be nearly sphencal with distinct
lattice planes and an interplanar spacing of ~028 nm
(Fig 1(a)) The predicted value of the interplanar spacing
corresponds to the separation of (0 O 3) planes of the mono-
chme Gd,05 structure and also ascertamed from the promi-
nent peaks of the XRD pattem (not shown) Figure 1(b)
represents the HRTEM 1mage of the irradiated (dose 2 635
kGy) sample Formation of nanoscale defects can be easily

< (113
o~ (‘203)’
(003)
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visualized from the micrograph A close look at the micro-
graph has revealed the presence of nanoscale defects in the
consecutive lattice planes (shown by arrow marks) The
defects could be in the form of voids (vacancies) or disloca-
tions For instance, the evidence of pont defect and disloca-
tions 1s shown by solid and open arrows, respectively The
mset of Fig 1(b) represents the selected area electron dif-
fraction (SAED) pattern of the trrachated specimen Diffused
but distinguishable rings were indexed as (0 0 3), (2 0 3),
and (31 3), which are found to conform with the XRD pat-
terns of monochnic Gd,03 '* The absence of sharp, bright
rings implies that the specimen s mostly polycrystalline in
nature

B. Magneto-optic activity and Faraday rotation

Figure 2 depicts a scheme of Faraday rotation (FR) mea-
surement setup The magneto-optic setup was comprising of
a laser source (L), a polarizer (P), a set of mirrors fixed at
45° (M, and M,), a sample cell (S) placed between the poles
of an electromagnet, an analyzer (A), a detector (D), a power
meter, and a digital Gauss meter A beam of unpolanzed
light (obtained from a 5 mW laser source) 1s focused by a
plano-convex lens prior to getting polarnized while making 1ts
way through the polanzer The hnearly polarized hght s
then allowed to traverse through a 10 mm sample cell placed
within the poles of an electromagner The field stiength was
measured by means of a quality InAs Hall probe with the
inhomogeneity of the field distribution over the optical path
length (the specimen cell) estimated to be less than 1% The
field was varied within 0-700 G The analyzer was set at an
angle of 45° with respect to the polanzer Thus, an apprect-
able change 1n the intensity of hght due to onentation of the
plane of polanzation caused by the optical activity of the
sample could be recorded The intensities of the transmitted
light were measured at zero and different magnetic field
strengths The FR was estimated by the amount of rotatton
the analyzer required to compensate the intensity of the zero-
field case

The FR deals with the rotation of a plane polanzed light
due to the field-induced birefringence 1n the material when
the direction of light propagation is parallel to the applied
magnetic field '8 Classically, for a umiform dispersion of sin-
gle doman ferromagnetic particles, the FR 1s given by'”

FIG 1 (Color online) HRTEM image of (a) prisune
and (b) wradiated Gd,04 nanoparucles (dose 2 635
kGy) Insct of (b) 1s the SALD image

Downloaded 01 Mar 2012 to 210 212 10 98 Redistnbution subject to AIP license or copynght see hitp /fjap aip ights_and_p




044904-3 Paul et al
m Y | S M2
N > s
v —_—
A
e e I
P

L

FIG 2 (Color onling) Block diagram of magneto-opuc set-up L laser, P
polanzer, My, My, M3 mirrors, S sample, A analyzer, D photodetector

0=C(M/M,) M

where 0 1s the FR at magnetic field that gives magnetization
M, whereas M, is the saturation magnetization Here, C 1s a
proportionality constant which depends on the nature of the
system under investigation

With the application of an eaternal magnetic field, parti-
cle dispersion gets affected, owing to agglomeration and

J Appl Phys 111, 044904 (2012)

chain formation along the direction of the held Taking into
consideration quantum treatment, which accounts for the
chain formation, Eq (1) can be rewnitten as

0=VHI (2a)
where V 1s the Verdet constant, / 1s the optical path length,
and H i1s the applied magnetic flux density For trradiated
samples, manifestation n the optical path length may occur,
owing to the formation of defects, and Eq (2a) then be re-
expressed in differential form,

)

do
2 = V(+,

(2b)
with 8/ being vanation 1n the optical length Note that our
samples arc magnetic flmds of surfactant (CTAB)-coated
Gd,0; nanoparticles that are suspended mn a carrier fluid
Figure 3(a) shows the FR response of pnstine (G,) and
gamma-tradiated (G, 868 Gy, G, 2 635 kGy) samples The
figuic insct depicts the FR response of specimen G, while
using a 532 and 632 8 nm laser source As the FR has exhib-
ited better sensitivity for 2=632 8 nm, the source was con-
sidered for further experiments It was also revealed earlicr
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FIG 3 (Color online) (a) Field-dependent Faraday rotation for samples Go, G, and G ferrofluids using 632 8 nm laser source Inset shows response of G
using 532 and 632 & nm lasers (b) Individual cases with hnear fits for 1) Go (1) Gy and (i) G, ferroflusds
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that, for a finite field, the FR has a wavelength dependency
with the supposiion that longer wavelength (low energy)
would hinder the chain formation weakly " The calibratign
and measurements were made as per the procedure reported
elsewhere '® Effectively, the results are characterized by a
monotonic crease of 0, with the field followed by a satura.
tion trend 1 the region of higher field strength In the pres-
ence of an external field, the magnetic moments of the
MNPs 1n the flmd tend to orent along the field direction,
forming, thereby, long chains through dipole-dipole interac-
tion As the interaction energy 1s a function of magnetization,
which has a saturation trend at higher fields, the chain forma.
tion also tends to saturate Earlier, the chain length wag
shown to be correlated with the FR '?

For gamma-irradiated FF samples, a substantial improve-
ment of the FR can be found, as evident from the plogs show,
m Fig 3(a) In reference to G, and G, the response of the
specimen G, has revealed that the saturation trend could be
reahized at a relatively higher magnetic field In other words,
saturation magnetization has not yet been reached and so (g
the case for chain formation Previous works also demonstrage
that, without saturation of a particular length of chain, a new
cham length would not be formed '° Since RE oxides are very
stable against y-radiation, the observed variation in the FR cyn
be correlated with the interplay of point defects/vacancieg
Defects, like oxygen vacancies, are very common in oXide
compounds In fact, the creation of a large number of free
electrons by the energetic y-rays can take part in the defect
formation Tt was reported that ethanol (the carner fimd of oyr
FF) 15 less reactive under y-radiation *° Tn order to evaluate
the corresponding effect of radiation on the FF containing
nanoscale Gd»0-, we have used Eq (2) The results of ind;-
vidual cases are shown in Fig 3(b), and the linear fitting of
each of the cases gives the manifested optical length &)
The esumated vatues for G, and G, specimens are 0 04 angd
0132 cm, respectively As radiation-induced point defects are
charged/iomized ones, the incident light would experience
larger path lengths during its passage under the apphed field

C. Magneto-optic response and dichroism

Linear magneto-optic dichroism 1s defined in terms of
the preferential absorption by the matenal of linearly polar-
1zed hght along parallel and perpendicular directions of the
applied magnetic field This polarization predilection differ-
entiates dichroism from general absorption and very often
relates to the alignment of amisotropic structural elements 2!

The linear dichroism (LD) was measured using the same
setup as used for the FR measurements, but with differeng
configuration Measurements were made with the plane.
polanzed hght parallel and perpendicular to the applied mag-
netic held and corresponding values of parallel and perpen-
dicular dichroisms, AA; and AA |, are defined as the changes
m the absorbance of the sample caused by turming on the
magnetic field We write?!

AA" =1In (I"/Io) (3&)

AA_L =In (l_}_/lo) (3b)

J Appl Phys 111 044304 (2012)

where /; and 1, depict transmitted light intensities in the
direction parallel and perpendicular to the magnetic field and
1, 1s the ntensity of the incident hight when it was tumed off
The dichroism 1s also the difference n the extinction indices
k) and k| Expressing transmitted light intensity in terms of
extinction indices,”!

]“ = I(,a" = ’0 CXP[—(4TI) ”("//1], (4“)
I, = 1oy = lyexp|—(4m) kk, /1] (4b)

Here, o and «, are respective transmission coefficients of
the FF 1n the direction parallel and perpendicular to the field
direction, 4 15 the wavelength of the incident light, and /1s
the thickness of the sample The onentation of the particles
by an external field is offset by the Brownian motion The
magnetic dipole moment, m, of the particle makes an angle,
0, with the applied external field, H, and, hence, the onenta-
tion energy 1s given by

U =mH cos0 5)

In the magnctic fluid, the chain formation occurs when orien-
tation energy overcomes the thermal energy (kgT) Both
Neel-type and Brownian-type relaxation responses are at
work '7 The differential absorption (for both parallel and
perpendicular polanzed light) with respect to the applied
magnetic field 1s depicted in Fig 4 The fluids exhibit the
exact intrinsic dichroism as reported earller,H 2

AAj = —244, 6)

Figure 4(a) represents the field-dependent LD spectra of the
pristine and y-trradiated spectmens Typically, the absorb-
ance of light parallel to the apphied magnetic field increases,
while, along the perpendicular polanzation direction, 1t has a
decreasing trend The differential absorption increases with
the applied magnetic field, while fluid follows the Langevin-
type behavior without pre-existing aggregates > The anisot-
ropy vanishes rapidly as soon as the ficld 1s removed As RE
oxides are very stable against radiation, dcfects have been
created without any structural modification For y-irrachated
specimen, there exists a noticeable change (about 10% for
G, than Gg) 1n the absorbance along the parallel polanzation
direction as compared to 1ts counterpart This could be attrib-
uted to the collective role of the point defects mn field-
induced one-dimensional chains Nevertheless, as can be
evident from Fig 4(b), the differential plots of the LD are
found to be almost uniform for all the specimens The optical
activity and the LD response of nanoscale Gd,0,-based FFs
will be promising, while designing ficld-induced transient
optical rotators and other such components where the inter-
action of the particles with the applied field plays a dominant
role over the inter-particle interaction

IV. CONCLUSION

Magneto-optic features of the un-irradiated and y-rradi-
ated Gd,0; nanostructure-based FFs have been demon-
strated The HRTEM 1mages of the y-irradiated (2 635 kGy)
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FIG 4 (Color online) (a) LD response of prisune and y-wrradiated sample
using 632 8 nm laser, and (b) the differential change of LD with the apphied
field

specimen has shown the evidence of point defects and dislo-
cations mostly along the grain boundanes Magneto-optic
charactenistics have exhibited an enhanced FR 1n the case of
use of 632 8 nm laser light, and the effective optical length
was found to be increased with the creation of point defects.
The LD spectral response, though, gives similar trend for
pnstine and irradiated samples, the absorbance along the par-
allel direction 1s suppressed for the later cases Interrelating
the number of chains and defects with the typical magnitude
of optical activity would find scope in magneto-optic and
nonliear optical elements
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