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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.I1
-
3

] 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.[4-5] In particular, magnetic colloidal nanocrystals 

have received widespread application in various fields. [6-8] 

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. [9] Materials loose their magnetic 

properties at temperatures far below their melting points.l10
] 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. [11] 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 tenns 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 repulsion, 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. (12) 

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. [14-15) 

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/ferrofluids 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 (Fe304) based and the 

second one is rare earth oxide (gadolinium oxide (Gd20 3) based. Fe304 
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MNPs were coated separately with oleic acid (anionic surfactant) and 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 Fe304 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 nanoparticlesl 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. [13.14] 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.[15] 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. [16] 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.[17) We have studied the magneto­

viscous properties of the synthesized ferrofluid with varying magnetic field 

strength upt0100 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.[18-20) In general, the ions with high 

energy (- MeV regime) could either lead to particle growth or 

fragmentation, depending on the host media.[21-22) Whereas, KeV ion 

beams are generally used for ion implantation [23-24) 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 Fe304 and 

Gd20 3 nanoparticle/ ferrofluid systems are presented in chapter 4. The 

partial phase transformation of Gd203 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. [25-26) The prepared ferrofluids were irradiated with 

y-radiation (-1.25 MeV) at UGC-DAE Consortium for Scientific Research, 

Kolkata. To be specific, Fe304 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 y-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 y-irradiation 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 ferrofluid. The 

consequences of the specific radiation on magneto-optic effect of different 

ferrofluids (Fe304 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. [27-28) 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.!29) 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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Chapter 1: Introduction 

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,[1] 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 (Ioad=lead 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 William Gilbert in 1600 who tried to know 

experimentally the story behind magnetism. The endless journey of 

. magnetism as w~1I 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 Neel (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 (111) 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 I is associated with a magnetic moment given by: 

(1 .1 ) 

where , m is the electron rest mass and fl B 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 : 

(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: 

e 
J1 = -- s= -/laS s 2m 

(1.3) 

Similarly, the projection of the spin magnetic moment along an 

applied field in the z direction is: 

(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 

mo.mentum (S) can be defined as: 

L= Lr li and S = LI Si 

where, the summation extends over all electrons. 

(1.5) 

The resultant vectors Land S thus formed can be coupled to give 

rise to the resultant total angular momenta: 

I=L+s, (1.6) 

with J can assume values ranging from J = (L - S), (L -S + 1), to (L 

+ S - 1), (L + S). Such a group of levels is called a multiplet. The spin­

orbit interaction results in a torque and as a result, Land S would precess 

around the constant vector 1 , 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 Vi). Finally, the weak electrostatic coupling between the ii form 

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

J = l.lji = l.i(li + sJ (1.7) 
This is known as jj- coupling. Secondly, the magnetic response of a 
material system can be determined by its dipole moment, Jl given by: 

11.= Jltot cos ()= - B]J18 (1.8) 
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3 S(S+l)-L(L+l) 
Here, 9; is the Lande g-factor expressed as 9} ~ 2' + 2} U +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 J1 , then total magnetization will be given by: 

(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 (1): 

M = C!!.. 
T 

(1.10) 
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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=Ii=T (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 (Te) and the system goes to paramagnetic phase. Below Tc 

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 Te. It can be 

expressed as: 

X= 
C 

T-Tc 
(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 

from medicine,r2,3] energy,14,5] semiconductor industry,16,7] information and 

communication[B,9] to consumer goods.[10,11] 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. [12-15] 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.[1 6.17J 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.l18J MNPs 

present in many rocks and soils also allow the study of the evolution of the 

Earth's magnetism and prediction of the age.[19J 

Properties of nanostructured magnetic materials 

He 
s ingledom~ 

2-10 nm Dc 

multidomain 

particle size 

M 

Fig.1.3: Magnetic properties of nanostructured system 

H 

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.l20J 

In general , MNPs are in close contact with other physical substances like 

capping layer, supporting substrate and encapsulating media 

(matrices). [21 ,22J 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.[23,24] In 

lower grained size system, time and temperature dependent effects have 

acquired much importance in recent times.[25] The phenomenon of 

superparamagnetism is observed in magnetic nanoparticles if the thermal 

energy k8 T (k8: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 a,re given in table 1 .1. [26] 

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 

7 
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Table 1.1: Characteristic lengths with symbol and typical magnitude 

Length Symbol Typical 

magnitude (nm) 

Interatomic distance da 2.5 X 10-1 

(for Fe) 

Range of exchange d ex _10-1 --1 

interaction 

Domain size de 10-104 

Superparamagnetic DSPM 
er -1 - -102 

critical diameter 

Critical single-domain Der -10 - -103 

size 

Domain wall width 00 -1- -102 

Exchange length lex -1- -102 

Spin diffusion length Lsd -10-102 

Electron mean free path Amfp -1-102 

(a) (b) 

~ 

Fig 1.4: Schematic diagram of (a): multi domain and (b): single domain 
magnetic structure 
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formation. Below the critical length (de), 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)).[26] 

(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. [27] The changes in 

physical, magnetic properties viz. density of states (DoS), magnetic 

moment [according to the dimensionality of the sample (00, 10 or 20)] are 

considered as important aspects of the broken symmetry. The drastic 

change of electron DoS, from continuous state to discrete lines (for bulk 

and 00 respectively) is related with broken symmetry of nanomatter. 

Magnetic property such as the Pauli's susceptibility Up) is a direct 

measurement of DoS of a free electron gas at the Fermi energy (highest 

occupies quantum state at absolute zero). [261 It is expressed as: 

XP = floflB2D(Ep) (1.13) 

wtiere, flo is the permeability of free space, flB is the Bohr magnetron and 

D(Ep) 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 bulk 

counterparts. [28] 

(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,[29] the interaction energy between two 

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

form: 

VlJ = -2js j .sj (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) = Mer)/ Ms , giving the expression for exchange 

energy density:[301 

Eex = A('Vm)2 = Al('Vm1)2 + ('Vm2)2 + ('Vm3)2] (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:(31) 

(1.16) 

Here, ml and m2 are the magnetization vectors at the interface, Cbl and 

Cbq 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 (Wa):[32) 

Ea=fwadv (1.17) 

The anisotropy energy density (wa ) 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. [33] 

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: 

(1.18) 
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The suffices 1, 2, 3 refer to the cubic 'axes and Kj are anisotropy 

constants. In polar co-ordinates the equation becomes 

Emca = (K} + K2 sin2 B) cos4 B sin2 qJ cos 2 qJ 

(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 Neel's pair interaction model, the surface anisotropy 

energy density for a structurally isotropic crystal can be expressed as:(34) 

Es = Ks [1 - (m. n)2] (1.20) 

where n is the normal to the surface and Ks 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.[35, 36) 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 

advantage. It is mainly used in magnetic recording media, (37) giant 

magneto-resistance (GMR)[38] 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 (Hd). Long range magnetic dipolar interaction contributes 

magnetic free energy to such field. By definitionp9) stray field is the 

magnetostatic field generated by the divergence of the magnetization: 

'IJ.Hd = 'IJ.M (1.21) 

12 
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Free magnetic charges can be considered at the origin of the stray 

field. The stray field energy (Ed) 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: 

(1.22) 

with 11. 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 (ljJ). The demagnetizing field (field inside a 
, 

magnetic material) is related with the magnetic scalar potential by the 

relation: 

(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 
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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:[40J 

Eme(mj,Cj)) = BlLjEii(m~-i)+ B2Lj'i)mjmjEij (1.24) 

here, Eij is the crystal strain tensor (i, j= x, y, z), m L is the direction cosine 

of M with respect to the cubic cell edges, Bland B2 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).[411 In multilayer systems with varying thicknesses, two different 

regimes namely, coherent and incoherent can be considered.[42) In 

coherent regime, lattice mismatch is compensated by the tensile strain 

(appendix /) in one layer and a corresponding compressive strain 

(appendix /) in the adjacent layer. The effective magnetostriction constant 

depends on the thickness of the concerning layer. 

1.3. Magnetic fluid (ferrofluid) 

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.[43) He tried to suspend some iron fillings in wate.r. 

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. [44) But this concept was also discarded from 

the technological and application point of view; as only extremely high 
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magnetic field can significantly change the flow of the liquid metal. [451 

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. [45) For a magnetisable material with susceptibility 

proportional to the density, the Kelvin force is expressed as: 

FK = fl. f M\lH dV (1.25) 

here, M is the magnetization of the material, \l H is the magnetic field 

gradient and fl. 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.[46) 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 ET = k8 T 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: [47) 

IEHI = fl.mH (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 
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particles to be spherical with a diameter d, the magnetic moment will be 

given by: 

(1.27) 

Therefore, the necessary condition for a stable suspension in a 

magnetic field gradient is ET > EH and thus, 

IT d 3 kaT> {l M - H 
• ·6 

(1.28) 

This implies t~e . critical size of the particles to be remained 

suspended in the carrier fluid in the magnetic field gradient as: 
1 

d < ( 6k
a

T )3 
Il.MrrH 

(1.29) 

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. [481 This gives: 

(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[481 (Fig. 

1.5) we get: 
" 

2k T > ll.rrM.2 ~ 
B 9 (1+2)3 

(1.31) 

here, the distance r is replaced by the sum of the diameters of the 
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particles d and their surface to surface distance 8 and it is considered that 

l = 20 . 
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 diamet~r d and separated by 

a distance Q can be written as:[481 

IE 1_~[_2_+_2_+ln(/2+4/)] 
v d w - 6 /2+4/ (1+2)2 (1+2)2 (1.32) 

Here, A is the Hamaker constant.[491 

Fof---- 10 ----.ot .c::::::~> 

.. 

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 [46] 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,[48] 
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E = K8
Trrd2

( [2 - ~(n (~) -~] 
stene 2 t 1+1/2 t 

(1.33) 

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 a/. [50( 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. [51,52) 

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 ~alled ionic ferrofluid. In an ionic ferrofluid, 

an acid-alkaline reaction between the previously prepared MNPs and the 

carrier, gener?ltes charges on the surface of the nanoparticles.[53) 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).[54) 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.[55)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.[56,57) 

1.3.2. Magnetic properties of ferrofluids 

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 = Ms (cotha -~) (1.34) 

J1 mH a= _ .. -
keT 

here, the saturation magnetization: (Ms) is defined as Ms = <pM. with <p 

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 Ls = ~a. So the 
3 

magnetization of given FF in a small applied field is: 

with initial susceptibility as: 

M ~ Ms t1"mH 
3 keT 

=Xin H 

MS J1 m 
Xin = 3"" k~T 

(1.35) 

(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 (MH) 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 coth a tends to 1 and the eq.(1.34) 

can be expressed as: 

MS 
M(H-+a) = Ms - -a 

(1.37) 

The graph between M versus 2. and extrapolating 2. = 0, gives us 
H H 

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

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

(ii) 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.).[5B.59.60) The hydrodynamic 

theory was derived by Shliomis [61) 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 of 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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(1.38) 

where V takes the volume of the MNP along with the surfactant layer and 

7] is the dynamic viscosity of the fluid. 

Similarly, Neel relaxation time is the characteristic relaxation time 

for the magnetically weak particles. The expression for the Neel relaxation 

time is: [63) 

(1.39) 

This relaxation time is a function of the anisotropy constant K, the 

Larmour frequency t, the volume of the magnetic core V and the thermal 

energy kaT. 

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 Neel relaxation time changes 

exponentially with the size of the particles. Thus, smaller particles relax 

through TN with smaller time. At a critical diameter, particles alter its 

relaxation time from TN to T8' Near the critical diameter, the particle 

relaxation time is neither TN nor T 8 I rather it follows a combined 

relaxation time as:[64] 

(1.40) 

1.4. An overview offerrofluid synthesis and application 

From its invention till date, people have reported various kinds of 

FFs. Popell [46) started the new era of FF with a magnetite (Fe304) based 

FF. Since then, Fe304 is being considered as one of prime component 

(MNP) for preparing FF. Different synthesis techniques have been 

employed to prepare Fe304 based FFs. The most widely-used synthesis 

procedure is the synthesis of Fe304 nanoparticles by co-precipitation 
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methods and subsequent dispersion in an appropriate carrier fluid. [65-691 

People also follow other wet-chemical methods for synthesizing FFs. 

Reverse micelle is one such easy, cost effective method adopted for FF 

synthesis. Ervithayasupom et al have reported the one-pot synthesis of 

core-shell type nanoparticle based FF in poly (organosilsesquioxane) via 

reverse micelle routeFoJ There are also reports of different FF systems 

(other than Fe304). Maghemite (y-Fe203), another type of iron oxide, is 

also extensively used for ferrofluid synthesis.[71-73J 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. [74J FFs have been 

prepared synthesizing iron oxide powders by ball milling [75.76J 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. 

Mn1-xZnxFe204 (with x varying from 0.1 to 0.5) fulfills the requirement of a 

thermo-magnetic energy converter.[77J Co-ferrite (COFe204) FF tailors the 

enhancement of magnetocrystalline anisotropy upto 380 kJ/m3
. [78J FF 

having Sa-ferrite as dispersed nanoparticles, is also being used in 

technological application for its enhanced anisotropy barrier and heating 

effect in an ac magnetic field.[79J 

In recent times, magnetic fluids/ferrofliuids are extensively used in 

targeted drug experiments.[80-83J 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. [84-86) The magnetic control of FF gives a new direction 

to magneto-sealing application.[87,88] Air cooled FF seal is also being used 

in X-ray tube. [89) 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.[90] 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.[91) Ferrofluid based dynamic plug is being used as valve and 

actuator for aqueous fluid expansion.'92) 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.[93) Besides 

its proven applications, research is still open with respect to various 

aspects of magnetic field orientated structures.[94.95] To add, some of the 

fascinating areas of research are magnetic active core and hydrodynamic 

diameters of MNPs dispersed in FFs,[96] magnetic field depended 

viscositY97.98) 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 noo 

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 (LO) 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 presented. 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. 

References: . 

[1] McGregor, H. Magnets and Spring, Windmill Books, NY,2011. 

[2] Prasad S. et ai, Polymer nanoparticles containing tumor Iysates as 
antigen delivery vehicles for dendritic cell-based antitumor 
immunotherapy" Nanomedicine 7,1-10,2011. 

[3] Higgins, P. Et al. Nanomedicine: Nanotubes reduce stroke damage, 
Nat. Nanotech. 6, 83-84, 2011. 

[4] Choi, J. J. PbSe Nanocrystal Excitonic Solar Cells, Nan. Lett. 9, 3749-
3755,2009. 
[5] Kiebele, A. and Gruner, G. Carbon nanotube based battery 
architecture, ApplPhy. Lett. 91, 144104-144106, 2007. 

24 



Chapter 1: Introduction 

[6] Iniewski, K.(ed.) Nano Semiconductors, Device and Technology, CRC 
Press, Florida, 2012. 

[7] Greet, J., Korkin, A. and Labanowski (eds.) Nano and Giga challenges 
in Microelectronics, Elsevier, The Netherlands, 2003. 

[8] Benjamin, S. C et aI., Towards a fuJ/erene-based quantum computer, J. 
Phys.: Condens. Matter, 18. S867-S883, 2006. 

[9] Tseng, R. J. et al. Digital memory device based on tobacco mosaic 
virus conjugated with nanoparticles, Nat. Nanotech. 1,72 - 77, 2006. 

[10] Kim, D.M. and Cho, G.S. Nanofood and Its Materials as Nutrient 
Delivery System (NDS), Agri. Chern. Biotech. 49 (2),39-47,2006. 

[11] Dubasa, S. T. et al. Layer-by-Iayer deposition of antimicrobial silver 
nanoparticles on textile fibers. Coli. Surf. A. 289, 105-109, 2006. 

[12] Lu, L., Li, L., Wang, X. and Li ,G. Understanding of the finite size 
effects on lattice vibrations and electronic transitions of Nano o-Fe203,. J. 
Phys. Chern B 109,17151-17156,2005. 

[13] Kusai, H. et al. Large magnetoresistance in rubrene-Co nano­
composites, Chern. Phy. Lett. 448,106-110,2007. 

[14]Wang, J. et al. Remote manipulation of micronanomachines containing 
magnetic nanoparticles, Opt. Lett. 34, 581-583, 2009. 

[15] Zandrahimi, M. et al. The effect of multi-step milling and annealing 
treatments on microstructure and magnetic properties of nanostructured 
Fe-Si powders, J.Magn.Magn. Mater. 323, 669-674,201. 

[16] Blakemore R. P., Magnetotactic bacteria, Ann. Rev. Microbiol. 36, 
217-238, 1982. 

[17] SchOler, D.(ed.) Magnetoreception and magnetosomes in Bacteria, 
Springer-Verlag, Berlin, Heidelberg, 2007. 
[18] Wiltschko, R. and Wiltschko, W., Magnetic Orientation in Animals, 

Springer Verlag, Berlin, Heidelberg, 1995. 

25 



Chapter 1: Introduction 

[19] Evans, M.E. and Heller, F. Environmental Magnetism, Academic 
Press, San Diego, 2003. 

[20] Nalwa, H. S.(ed.) Handbook of nanostructured materials and 
nanotechonology, Academic Press, London, 2000. 

[21]Chen, B and Fan, Y. Study on the preparation of Fe304 nanomagnetic 
fluid for seal, Adv. Mater. Res. 139-141, 34-38, 2010. 

[22] Meng, H. and Wang, J. P. Spin transfer in nanomagnetic devices with 
perpendicular anisotropy, Appl.Phy.Lett. 88, 172506-172508, 2006. 

[23] Liu, J.P., Fullerton, E., Gutleish,O. and Sellmyer, D. Nanosca/e 
Magnetic Materials and applications, Springer-Dordrecht, Heidelberg, 
London, NY, 2009. 

[24] Das, M.P.(ed.) Condensed Matter, Nova Science Publishers, NY, 
2007. 

[25] Himpsel, F.J. et al. Magnetic Nanostructures, Adv. Phys.47, 511-597, 
1998. 

[26] Guimaraes, A. P. Principles of Nanomagnetism, Springer-Verlag 
Berlin Heidelberg, 2009. 

[26] Selimyer,D. and Skomski, R. (eds.) Advanced magnetic 
nanostructure, Springer--Verlag Berlin Heidelberg, 2006. 

[27] Plummer, E. W. et al. Surfaces: a playground for physics with broken 
symmetry in reduced dimensionality, Sur. Sc. 500, 1-27,2002. 

[28] Belkacem, M. and Dinh, P. M. (eds.) Condensed matter Theories, 
Nova Science Publishers, New York, 2005. 

[29] Chaikin, P.M. and Lubensky, T.C. (eds.) Principles of Condensed 
Matter Physics, Cambridge University Press, Cambridge, UK, 1995. 

[30]Ogawa, T and Kanemitsu, Y. (eds.) Optical properties of low 
dimensional materials, World Scientific, Singapur, 1995. 

26 



Chapter 1: Introduction 

[31] C. Kittel and J. K. Galt, Solid-State Physics, Academic Press, New 
York, 1956. 

[32] Sattler, K.D.(ed.) Handbook of Nanophysics, CRC Press, NW, 2011. 

[33]Darby, M. and Isaac, E. D. Magnetocrystalline anisotropy of ferro- and 
ferrimagnetics, IEEE Trans. Magn. 1, 259-304, 1974 .. 

[34] Neel, L. Compt. Rend. Acad. Sci, 237,1468,1953. 

[35] Meiklejohn, W. H. Exchange Anisotropy-A Review J. Appl. Phy. 
33,1328-1335,1962. 

[36] Magaraggia, R. Exchange anisotropy pinning of a standing spin-wave 
mode, Phys. Rev. B, 83, 054405-054411,2011. 

[37] Tang, D. D. and Lee, Y.J. Magnetic Memory: Fundamentals and 
Technology, Cambridge University Press, Cambridge, UK, 2010. 

[38] Garcia, F. et al. Exchange-biased spin valves with perpendicular 
magnetic anisotropybased on .Co/Pt. Multilayers, J. Appl. Phy.93, 839.7-
8399, 2003. . 

[39] Beaurepaire, E., Bulou, H., Scheurer, F. And Kappler, J.P.(eds.) 
Magnetism: A synchrotron radiation approach, Springer -Verlag, Berlin, 
Heidelberg, NY, 2006. 

[40]Bertotti, G., Hysteresis in Magnetism, Academic Press, San Diego, 
1998. 

[41] Ozatay, O. et. aI., Magnetoresistance and magnetostriction effects in 
ballistic ferromagnetic nanoconstrictions, J.AppPhy. 95, 7315-7317, 
2009. 

[42] Jungblut, R. et al. Orientational and structural dependence of 
magnetic anisotropy of Cu/Ni/Cu sandwiches: Misfit interface anisotropy, 
J.AppPhy, 75, 6424 - 6426, 2009. 

27 



Chapter 1: Introduction 

[43] Popplewell, J. Technological applications of ferrofluid, Phys Technol 
15,150-156,1984. 

[44]Davidson, P.A. and Thess, A. (eds.) Lecture Notes on 
Magnetohydrodynamics, Springer Verlag, Heidelberg, NY, 2002. 

[45]Landau, L. D. and Lifschitz, E. M. Lehrbuch der theoretischen Physik: 
Elektrodynamik der Kontinua , Akademie, Verlag Berlin, 1985. 

[46] Papell, S. S., Low viscosity magnetic fluid obtained by the colloidal 
suspension of magnetic particles. US Pat. 3 215 572,1964. 

[47]Rosensweig, R. E. Ferrohydrodynamics, Cambridge University Press, 
Cambridge, New York, 1985. 

[48] Odenbach, S. Magnetoviscous effects in ferrofluid, Springer, Tokyo, 
2002. 

[49] Butt, H.J., Graf, K. and Kappl, M., Physics and Chemistry of 
interfaces, Willey-VCH, Weinheim, 2003. 

[50]Regmi, R. et al. Effects of fatty acid surfactants on the magnetic and 
magnetohydrodynamic properties of ferrofluids, J. Appl. Phys. 106, 
113902- 113910, 2009. 

[51] Petrenko, V.1. et al. Effect of Surfactant Excess in Non-Polar 
Ferrofluids Probed by Small-Angle Neutron Scattering, Solid. State. Phen. 
152-153, 198-201, 2009. 

[52]Zhao, Y.X.et al. Study of polydiethylsiloxane-based ferrofluid with 
excellent frost resistance property, J Magn. Magn. Mater. 321, 377-381, 
2009. 

[53] Rahn, H., I. et al. Microcomputed tomography analysis of ferrofluids 
used for cancer treatment .. J. Phys.: Condo Matter, 20, 204152-204155, 
2008. 

[54]Scherer, S. and Neto, A.M.F. Ferrofluids: properties and applications, 
Braz. J.Phys. 35, 718-727, 2005. 

28 



Chapter 1: Introduction 

[55] Qu, F. and Morais, P. C. An Oxide Semiconductor Nanoparticle in an 
Aqueous Medium: A Surface Charge Density Investigation, J. Phys. 
Chern. B, 104, 5232-5236, 2000. 

[56] Heinrich, D., Goiii, A. R and Thomsen, C. Dynamics of magnetic­
field-induced clustering in ionic ferrofluids from Raman scattering, J. Chern 
Phy. 126, 124701- 124707,2007. 

[57] Morais, P. C et al. Preparation and characterization of ultra-stable 
biocompatible magnetic fluids using citrate-coated cobalt ferrite 
nanoparticles, Thin Solid Films. 515, 266 -270, 2006. 

[58] MOiler, 0., Hahn, D. and Liu, M. Non-Newtonian behaviour in 
ferrofluids and magnetization relaxation, J. Phys.: Condens. Matter. 18, 
S2623-S2632,2006. 

[59] Wu, Z. et ai, Enhancing the Magnetoviscosity of ferrofluids by the 
addition of biological nanotubes, ACS Nano, 4, 4531-4538, 2010. 

[60]Singh, J. and Bajaj, R Convective instability in a ferrofluid layer with 
temperature-modulated rigid boundaries, Fluid Oyn. Res. 43, 025502-
025526, 2011. 

[61] Shliomis, M.I.. Effective viscosity of magnetic suspensions. Sov. 
Phys.- JETP.34, 1291-1294, 1972. 

[62] Brown, W. F. Thermal fluctuation of single domain particle., Phy. Rev. 
130,1677-1678, 1963. 

[63] Neel, L., Effects of thermal fluctuations on the magnetization of small 
particles. C. R. Acad. Sci. Paris. 228, 664-668,1949. 

[64] Martsenyuk, M. A., Raikher, Yu. L. and Shliomis, M. I. On the kinetics 
of magnetization of suspensions of ferromagnetic particles. Sov. Phys. 
JETP.38, 413-416, 1974. 

[65]Hong RY. et al. Magnetic field synthesis of Fe304 nanoparticles used 
as a precursor of ferrofluids, J. Magn. Magn Mater. 310 ,37-47,2007. 

29 



Chapter 1: Introduction 

[66]Hong, R. Y. et al. Double-miniemulsion preparation of Fe304/poly 
(methyl methacrylate) magnetic latex, J. Appl. Poly. Sci.112, 89-98, 2009. 

[67] Kinnari, P. et al. Magnetic and Rheological Characterization of Fe304 
Ferrofluid: Particle Size Effects, Hyperfine Interactions. 160, 211-217, 
2005. 

[68] Maity, D. and Agrawal, D.C. Synthesis of iron oxide nanoparticles 
under oxidizing environment and their stabilization in aqueous and non­
aqueous media, J. Magn.Magn. Mater. 308,46-55,2007. 

[69]Hernandez, E. S. et. al. Synthesis of plasticizer-based ferrofluid and its 
use in the preparation of magnetic PVC nanocomposite, Mat. Sci. For. 
644,13-16,2010. 

[70] Ervithayasuporn, V. et al. Synthesis and characterization of core-shell 
type Fe304 nanoparticles in poly(organosilsesquioxane), J. Coli. Inter. 
Sci.332, 389-393,2009. 

[71] Nakamae, S et aI., Anisotropy-axis orientation effect on the 

magnetization of y-Fe203 frozen ferrofluid, J. Phys. 0: Appl. Phys. 43, 
474001-474007,2010. 

[72]Hosseini, S. M. et al. Rheological properties of a y-Fe203 paraffin­
based ferrofluid, J. Magn. Magn. Mater. 322, 3792-3796, 2010. 

[73]Papaefthymiou, G. C. et aI, Gummic acid stabilized y-Fe203 aqueous 
suspensions for biomedical applications, Hyperfine Interactions, 190, 59-
66,2009. 

[74]Lu, J. et al. Solid-state synthesis of monocrystalline iron oxide 
nanoparticle based ferrofluid suitable for magnetic resonance imaging 
contrast application, Nanotechnol. 17,5812-5820,2006. 

[75] Hong, R.Y. et al.Rheological properties of water-based Fe304 
ferrofluids, Chern. Eng. Sci. 62, 5912-5924, 2007. 

[76]Cui, S. et al. Interaction Mechanism between Fe304 nanoparticles and 
sodium 2-dodecylbenzenesulfonate, Curro Nanosci .. 7, 366-370, 2011. 

30 



Chapter 1: Introduction 

[77] Arulmurugan, R. et al. Mn-Zn ferrite nanoparticles for ferrofluid 
preparation: Study on thermal-magnetic properties, J. Magn. Magn. 
Mater. 298, 83-94, 2006. 

[78] Tackett, R. C. et al.Magnetic and optical response of tuning the 
magnetocrystalline anisotropy in Fe304 nanoparticle ferrofluids by Co 
doping, J. Magn. Magn. Mater.320, 2755- 2759, 2008. 

[79] MUlier, R. et al. Nanocrystalline iron oxide and Sa ferrite particles in 
the superparamagnetism-ferromagnetism transition range with ferrofluid 
applications, J. Phys.: Condens. Matter. 18, S2527-S2542, 2006. 

[80] Munnier, E. S. et al. Novel method of doxorubicin - SPION reversible 
association for magnetic drug targeting, Int. J. Pharm.363, 170-176, 2008. 

[81] Ju, D. Y. et al. Fabrication of magnetite nanoparticals and dDrug 
delivery observation of hydrophobe ferrofluid by spring-8. synchrotron 
radiation, Mater. Sci. For. 614, 229-232, 2009. 

[82] Rahn, H. et al. SRIlCT and MRX analysis of ferrofluid accumulation in 
bovine arteries: a step further in the understanding of magnetic drug 
targeting, Phys. Proc. 9, 258-261, 2010. 

[83] Cherry, E.M. et al. Particle size, magnetic field, and blood velocity 
effects on particle retention in magnetic drug targeting, Med. Phys. 37, 
175-182,2010. 

[84].Jordan, A. et al. Presentation of a new magnetic field therapy system 
for the treatment of human solid tumors with magnetic fluid hyperthermia, 
J. Magn. Magn. Mater., 225, 118-126, 2001. 

[85] Zhang, Li-Y. et al. Magnetite ferrofluid with high specific absorption 
rate for application in hyperthermia, J. Magn.Magn. Mater.311, 228-233, 
2007. 

[86]Kappiyoor, R. et al. The effects of magnetic nanoparticle properties on 
magnetic fluid hyperthermia, J. Appl. Phys. 108,094702- 094709,2010. 

[87] Ravaud, R. et al. Magnetic pressure and shape of ferrofluid seals in 
cylindrical structures, J. Appl. Phys. 106, 034911-034919, 2009. 

31 



Chapter 1: Introduction 

[88] Ravaud, R. et. al. Radial stiffness of a ferrofluid seal, IEEE 
Tmas.Magn. 45,4388-4390,2009. 

[89] Legall, E. L. et al. Air-cooled ferrofluid seal in an x-ray tube and 
method of fabricating same, United States Patent 7903787,2011. 

[90] Candiani, A. et al. A spectrally tunable microstructured optical fibre 
Bragg grating utilizing an infiltrated ferrofluid, Opt. Exp. 18, 24654-24660, 
2010. 

[91] Candiani, A. et al. A vectorial magnetometer utilising a 
microstructured optical fibre Bragg grating infiltrated by a ferrofluid, The 
European Conference on Lasers and Electro-Optics, 2011. 

[92]Lok, K. S. et al. Ferrofluid plug as valve and actuator for whole-cell 
PCR on chip, Senso. Act. B: Chern., 20, 893-897, 2012. 

[93] Safarikova, M. et al. Ferrofluid modified Saccharomyces 
cerevisiae cells for biocatalysis, Food Res. Inter.42, 521-524, 2009. 

[94] Sharmah, S. and Mukhopadhyay, G. Shape dependent force between 
magnetic nanoparticles in a colloidal ferro-fluid, J. Nanosci.Nanotech.9, 
5448-5450,2009. 

[95] Ruder, W. C.et al. Biological colloid engineering: Self-assembly of 
dipolar ferromagnetic chains in a functionalized biogenic ferrofluid, App!. 
Phys. Lett. 101, 063701-063705, 2012. 

[96] Buttner M. et al. Investigation of magnetic active core sizes and 
hydrodynamic diameters of a magnetically fractionated ferrofluid, J. 
Nanopart Res. 13,165-173, 2011. 

[97]Ram, P. et al. Effect of magnetic field-dependent viscosity on revolving 
ferrofluid, J Magn.Magn. Mater. 322, 3476-3480, 2010. 

[98] Ramos, J. et. al. Steady shear magnetorheology of inverse 
ferrofluids, J. Rheo!. 55,127-252,2011. 

**** 

32 



Chapter 2: Synthesis protocol and characterization features of ferrofluids 

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, 

zwilterionic 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

ionic surfactant is chargeless. 

head tall 

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 (Fe304). based ferrofluids (with different 

carrier fluid) 

(i) Materials 

Magnetite 

Fig. 2.2: Unit cell of magnetite with red, blue and white atom as 
Fe2

+, Fe3
+ and 0 2

• 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 Fe304 contains 32 anions, among 

them Fe2
+ 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 (III) ions in octahedral sites are 

aligned anti-parallel to those in tetrahedral holes; resulting no net 

magnetization from these ions. The iron (II) ions, however, tend to align 

their spins parallel with those of iron (III) ions in adjacent octahedral sites, 

leading to a. net magnetization. The reported value of saturation 

34 



Chapter 2: Synthesis protocol and characterization features of ferrofluids 

magnetization of bulk magnetite is - 475 kAlm which reduces with 

decrease of size. [1,2] 

Oleic acid 

Fig. 2.3: Chemical structure of oleic acid 

Oleic acid is a monosaturated omega- 9 fatty acid. The molecular 

formula of oleic acid is C1BH3402. It is an anionic surfactant. Its 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 II. 

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 th~ range of 0.78-0.81 g/cm3. Typically, the 

carbon chains of kerosene are mixed-chains with carbon atoms varying 

between 6 and 16 per molecule.l3] 

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-1 is generally desirable. Higher the resistivity, higher is its 

purity. 

(ii) Magnetite (Fe304) nanoparticles 

We have synthesized Fe304 nanoparticles by a co-precipitation 

method following ref [4] except considering extra accumulation of 

surfactants into account. At constant stirring (-200 rpm), FeCI3 and FeCI2 

(in the molar ratio Fe+2/Fe+3=0.5) were transferred simultaneously to a 

conical flask containing 25 ml of 0.4 N Hel. Then, 200j..J1 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 j..J1 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 Fe304 nanoparticles were added to 40 ml of kerosene under 

vigorous stirring at 60· C, for 1 h. 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 Fe304 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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Simultaneously, a separate solution of oleic acid, milli-Q water and a few 

drops of NH40H 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 Fe304 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)4NOH. 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. 

Fig. 2.4: Chemical structure of TMAH 

Methanol (CH30H) 

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 II. 

H 
I 

H-C-OH 
I 
H 

Fig. 2.5: Chemical structure of methanol 

(ii) FF-synthesis procedure 

For the synthesis of FFs, first Fe304 MNPs were synthesized by a 

co-precipitation method as mentioned earlier with some modification. First, 

FeCI3 and FeCI2 were taken in the molar ratio Fe+2/Fe+3=0.5 and then 

added Simultaneously to the 25 ml 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.(4) 

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 [C18H3402, 99% pure, Otto] and a 

cationic surfactant tetra-methyl ammonium hydroxide [TMAH 

((CH3)4NOH), CDH], were used for coating purposes. A few drops (approx. 

400 1-11) 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 (Gd20 3) based ferrofluids 

(i) Materials 

Gadolinium oxide nanopar1icles 

o o~ 

(A) (8) 

Fig. 2.6: Unit cell of (A) cubic and (8) hexagonal Gd20 3 

• Gd3 + 

o oz' 

The rare earth element gadolinium is mostly available in the form 

of gadolinium oxide (Gd203). 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 Gd20 3 is cubic, at higher 

temperature (- 1200· C) it exhibits in monoclinic phase. 

Nanosized Gd203 is widely used as contrast agent in magnetic 

resonance imaging.16,?) Gd20 3 nanoparticie doped with other rare earth 

atoms is most promising systems that has immense application in solid­

state lasers(8
) and display devices.[9,10) 
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N-Cetyl-N,N,N-trimethylammonium bromide 

N- Cetyl -N, N, N- trimethyl + 
N/ B( 

ammonium bromide or commonly / \ 

known as (CTAB) is a widely used Fig. 2.7: Chemical structure of CTAB 

cationic surfactant.The molecular formula of CTAB is C19H42BrN. Its 

hexadecyltrimethylammonium of cation has very strong antibacterial 

effectJ11) 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 B( and 

CTA+ ions and taking micelle size as r -3 nm, the standard constant of Br­

counterion binding to the micelle at 303 K is found as W :: 400. 

Ethanol 

The straight-chain alcohols with 

molecular formula C2H50H is called 

ethanol. In ethanol, the carbon of a methyl 

group (CH3-) is attached with the carbon 

~OH 
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 (-CH2-) 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 II. 
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(ii) Synthesis of gadolinium oxide (Gd203) nanoparticles 

The bulk Gd20 3 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. (12) with 

some modification. In this method, bulk Gd203 is converted first into a 

nitrate compound followed by subsequent reductions to obtain hydroxide 

and oxide products. At first, 100 mmol of bulk Gd20 3 (99%, Otto) was 

added to 50 ml of double distilled water. Then, an appropriate amount of 

HN03 (69% GR, Merck) was mixed with this solution under vigorous 

stirring until a clear solution of Gd(N03h 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 

(CTAS) was subsequently added at 65DC, 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(OHh 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 distilled water and centrifugation. The 

precipitate was dried in air and then heated at BOODC for 1 h till an off-white 

powder of Gd203 is achieved. 

(iii) Ferrofluid preparation 

In a FF, surfactant coated particles are dispersed in a carrier fluid. 

CTAS is chemically inert in ethanol and this is one of the reason to choose 

ethanol as a carrier medium. CTAS-coated Gd20 3 nanoscale particles 

were first transferred to ethanol medium. Magnetic stirring was maintained 

overnight thus resulting in a uniform dispersion. This ferrofluid is labe"ed 

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 spe~troscopy. The 

prepared nanoparticles as well as the ferrofluids 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 ~ 63.350 and 66.10 are designated as characteristics peaks of 

magnetite with orientation along (311), (511), (531) and (442) planes, in 

consistency with the other works.[13,14] Peaks at 31 0 and 75.20 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:[15] 

P () 0.9). 4 . () 
hkl cos hkl = d + TJ Sin hkl (2.1 ) 

where, Phkl is the full width at half maxima (FWHM) in radian, (}hkl is the 

diffraction angle in degree, it is the wavelength of the X-rays, d is the 

crystallite size and TJ 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 10-2. A positive micro-strain 

indicates interparticle contraction while a negative value represents 

relaxation in the system. 
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Fig. 2.9: (a) XRD pattern and (b) W-H plot of the synthesized Fe304 particle 

43 



Chapter 2: Synthesis protocol and characterization features of ferrofluids 

(ii) Oleic acid coated magnetite (Fe30d nanoparticles 
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Fig.2.10: (a) XRD pattern and (b) W-H plot of oleic acid coated synthesized 
Fe304 nanoparticle 
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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 0 which correspond to (220), (311), (400), (511) and (440) 

planes of inverse spinel crystal structure of magnetite system. [14,16) 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 10-2
, 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 Gd20 3 powder were also 

investigated by XRD analyses. The XRD pattern, shown in Fig. 2.11 (a), 

depicts six prominent peaks at respective Bragg angles (2 fJ) of 26.35°, 

31.31°, 35.75°,42.41°, 46.75° and 55.61°. These peaks of monoclinic (B-

type) Gd20 3 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. [17) The average 

crystallite size (d) and effective micro-strain (YJ ) 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 x10-3
. 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 Gd20 3 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 

microscopy (TEM). 

(i) Uncoated magnetite particles, FF1 and FF2 

a 

7.4 nm 

b c 

50nm 

Fig. 2.12: TEM micrographs of (a) uncoated single domain magnetite nanoparticie 
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 nanoparticle (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. [18] 

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

Fig. 2.13: TEM micrographs of FFW with oleic acid coated Fe30 4 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 
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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 Fe304 particles) 

Fig. 2.14: TEM micrographs of FFK with oleic acid coated Fe30 4 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. 

(iv) FFG (with eTAB coated Gd20 3 particles) 

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 Gd20 3 (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 

Gd203 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 Fe304 particles, prepared for the 

methanol 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 Fe304 nanopartlcles 

(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 Fe304 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 
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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.(19) The 

characteristic bending, bonding or stretching modes of the IR active 

material corresponds to definite peaks in a FT-IR spectrum. 
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(i) Uncoated Fe304, and FF1 and FF2 specimens 
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Fig. 2.20: FT-IR spectra of (a) synthesized Fe304 nanoparticle, (b) TMAH and 
(c) FF1 
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Fig. 2.21: FT-IR spectra of (a)oleic acid and (b) FF2 
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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-1 and 2400 cm-1 are the characteristics of 

O-H stretching of water molecules and atmospheric CO2, respectivelyPO,21] 

FT-IR characteristics of the FF1 spectrum corresponds to various 
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stretching and bending bands of the molecular constituents in TMAH 

[(CH3)4NOH], magnetite (Fe304) and methanol (CH30H). While the 

wavenumber range 949 -1117 cm-1 depicts C-N stretching of TMAH, 464-

668 cm-1 correspond to Fe-O or/and Fe-OH stretching bands.[20) A close 

look on the spectra of FF1, TMAH and Fe304 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-\ and 1719.6-

1739.2 cm-1 appear owing to vibrational modes related to strong -CO-OH 

bonding.[19,20) The medium -CO-OH bondings are ascribed to the range 

1381.1 -1449.6 cm-1 and 1027.9 -1155.5 cm-1 whereas, Fe - 0 stretching 

corresponds to 408.2- 669.8 cm-1. Among these, the functional groups -

CO-OH, C-H are possessed by oleic acid while Fe-O comes from 

magnetite. [20,21) 

(ii) FFW specimen 
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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 ferroftuid with water as carrier is shown in Fig.2.22. Apart from a 

peak observable at - 2077 cm,1 and identified as C-O stretching mode of 

the atmospheric CO2 molecule;[20) all other peaks corresponded to the 

chemical constituents available in the ferrofluid under study. The broad 

band at - 3488.07 cm,1 and the small peak at - 2403 cm,1 represent the 

characteristic O-H bending and stretching vibrational mode of the hydroxyl 

group of water molecule. [20,21) The sharp peak at - 1670 cm,1 and a weak 

peak at - 1161 cm'1 give the respective signatures of strong and medium 

-CO-OH bonding of oleic acid.[21) The typical Fe-O stretching vibrations of 

Fe304 are prominent in the lower wavenumber region, in the range 620-

566 cm,1 and 510 - 445 cm,1.[21) 

(iii) FFK specimen 
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Fig. 2.23: FT-IR spectra of FFK 

Fig. 2.23 is the replica of the FT-IR spectrum of oleic acid coated 

Fe304 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-1 and 2856 cm-1strongly attest the presence 

of the carrier fluid kerosene, as the symmetric and asymmetric stretching 

of kerosene has witnessed the signals at these positions. [22) The 

occurrence of oleic acid, which is used as surfactant, is characterized by 

peaks at 1453.42 cm-1 and 1381.9 cm-1. These two peaks are assigned to 

medium strength -CO-OH bonding of oleic acid.[20,21) The peaks at 440.725 

- 481.155 cm-1 and 528.957 cm-1 were attributed to Fe-O orland Fe-OH 

stretching modes of Fe304J20,21) 

(iv) FFG specimen 
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Fig. 2.24: FT-IR spectra of FFG 

Fig.2.24 depicts the FT-IR spectra of the Gd20 3 (CTAB coated) 

based ferrofluid. The conventional peaks appearing at -3403 cm-1 and 

2400 cm-1 representing the respective signatures of O-H stretching and c­
O stretching of atmospheric water and CO2 moleculesJ22,23) In case of 

ethanol, bending modes of CH3 and CH2 occur at -1392 cm-1 and 1452 

cm-1 respectively; whereas OH, CH2 , CH3 and CO stretching vibrations are 

observable at -3679 cm-1, 2910 cm-1, 2975 cm-1 and 1060 cm-1J22) The 

weak band at 2980 cm-1 and the sharp band at 1550 cm-1 indicate the 
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presence of eTAB in the samplesJ24) The peaks at 536.8 cm-1 and 413.3 

cm-1 are the outcome of Gd-O in- plane bonding .[25.26) 

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 
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Fig. 2.25: Raman spectrum of Fe304 nanoparticies 
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Raman spectroscopy is a widely used, nondestructive tool to 

identify various iron oxides. The difficulty to distinguish magnetite (Fe304) 

and meghemite (y-Fe203) can be unravelled by Raman spectroscopy. 

According to the space group theory, the irreducible representation at the 

zone centre of Fe304 above Verwey temperature predicts sixteen mode: 

[A19(R) + Eg(R) + T19 + 3T2g(R) + 2A2u + Eu + 5T1u(IR) + 2T2u].[27) Here, R 

denotes Raman active and IR denote IR active modes. Fe304 exhibits total 

five Raman active modes at room temperature namely, A1g , Eg and three 

T2g modes while y-Fe203 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-1, 270.194cm-1, 

380.222 cm-\ 581.008cm-1 and 659.610 cm-1 are recognized as Tig , Tlg , 

Eg, T{g and A1g Raman peaks of Fe304J26,27] 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 Fe304 nanoparticles 

Observed peak position Mode assigned 

(cm·1) 

211 Tig 

270 Tlg 

378 Eg 

581 T{g 

650 A1g 
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(ii)CTAB coated gadolinium oxide nanoparticles 
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Fig. 2.26: Raman spectrum of CTAB coated Gd20 3 nanoparticles 

The observed Raman spectrum of the nanoscale CTAB coated 

Gd20 3 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 Gd20 3 predicts 21 (14 Ag + 7 Bg) Raman active 

modes which signify the in-plane atomic vibration as Ag stretching mode, 

and out of plane vibration as Bg stretching mode with reference to (0 1 O) 

plane.[29] In consistency with other reports, we have identified nine Raman 

bands with regard to the synthesized Gd20 3 sample.f29.30
] 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 yO] 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. 

61 



Chapter 2: Synthesis protocol and characterization features of ferrofluids 

Table 2.2: Representative data of the observed Raman peaks and 

assigned modes 

Observed peak Mode Reported 

position (cm-1
) assigned peak position (cm-1

) 

153 Ag 156 

180 Ag 175 

289 8g 298 

385 8g 385 

417 8g 417 

445 Ag 445 

486 Ag 484 

579 Ag 583 

596 Ag 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.[31) 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 Fe304 

nanoparticJes 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 9 (free electron g-factor) value is 

found to be 2.1028. It was reported that Fe304 nanoparticles with effective 

9 value -2 corresponds a phase closer to super-paramagnetic behaviour. 

As it moves towards ferromagnetic behaviour, the corresponding 9 value 

also increases. [32] 

o 

Magnetie field (mT) 

(b) 

gY3lue 

Fig. 2.27: EPR response of Fe304 system with variation of (a) magnetic field and 
(b) g- value 
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(ii) Gd20 3 based ferrofluid 
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Fig. 2.28: EPR response of Gd20 3 system with variation of (a) magnetic 
field and (b) 9 value 

Fig. 2.28 depicts room temperature EPR spectra of synthesized 

Gd203 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 9 (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 
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Fig. 2.29: PL spectrum of FFG specimen under excitation wavelength Aex=270 nm 
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The room temperature PL spectrum of Gd203 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 6p7/2~BS712 transitions of Gd(III)P3) In 

PL spectrum, left symmetry factor (SL) is associated with band to band 

transition. Here SL is defined as (AL- AM)/fj.A; with AM representing peak­

wavelength corresponding to the main peak, AL is the wavelength in the left 

hand side of the full width at half maxima (FWHM) and M= Aw At, AR being 

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 Gd20 3 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: Fe304 and Gd203. Nanosize Fe304 was prepared by 

co-precipitation method. It was found that the pH and the ratio Fe2+: Fe3+= 

1:2 of the precursors play important role for obtaining Fe304 phase. On the 

other hand, rare earth oxide system (Gd20 3), being highly stable, 

nanoparticles could not be synthesized following top down approach. 

Nanoscale particles of Gd20 3 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 Fe304 and Gd20 3 based ferrofluids 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.[1-31 The particle size distribution and number 

density of a FF playa 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.[41 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. [5.61 

Firstly, the randomly orientated magnetic particles join head-to- tail along 

the field direction forming thereby a number of chains. In fact, the chain like 

structures come out as a result of competition between magnetic dipolar 

interaction (Ud (ij)) and thermal interaction (kBT). The effective interaction 

between two ferromagnetic particles is generally expressed by a coupling 

constant given by: [71 

(3.1 ) 

Afterwards, these chains undergo secondary aggregation through 

lateral coalescence forming bundle of chains. (8) 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. [9J When an electromagnetic 

wave propagates through an optically active material, the left and right 

polarisation vector of the EM wave move with different velocities. [10J This 

difference is manifested as different MO effects. Magneto-optic effect 

results in the change of many optical parameters of the medium under 

study.f11] 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.f12-14
] 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.[12] 

Longitudinal MO effects in specific spectral range has been reported.[15] 

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. [16] The non-reciprocity theory 
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demonstrates that the rotation direction of the polarized light depends only 

on the magnetic field direction.[171 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.[181 Many FF- based 

devices ego sensor, isolator, modulator etc. can be efficiently designed by 

controlling the MO effects.[19,211 

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.[221 

Generally, [231 the FR is expressed as BF = VHf, where V is the Verdet 

constant of the material, H is the applied magnetic field and f is the optical 

path length. The complete scheme of modified custom-made Faraday 

rotation set-up[241 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)J. On linear fitting of the curve, the Verdet 
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constant of water was calculated to be 3.9 x 10-4 deg/ G-cm which is 

consistent with the previously reported value. [25J 

Laser Specimen Detector 

(a) 

SM 

c _____ -

L 

(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, 0 : photodetector. 
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(i) FFW specimen 
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Fig 3.2 : FR response of FFW at two different wavelengths 
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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 [26.27) and 

semiconductors doped with magnetic impurities.[28) 

As mentioned earlier, with the application of an external field, the 

particles 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:[291 

8F = C M (H) + V H l(H) 
Ms 

(3.2) 

Here, C is a constant, M(H) is the magnetization of the particle at an 

applied field H, Ms representing the saturation magnetization of the 

specimen and l(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 Fe304 system, 3d electronic states of iron are generally 

responsible for the magneto-optic effects pOI The cations (Fe3+ and Fe2+) 

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 

Fe2+ and Fe3+ ions. [25.31) 
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(ii) FFK specimen 

3.5 

-: 3.0 

~ 
C 2.5 0 
; 
~ .. 

2.0 0 ... 
>-
~ 

" 1.5 
~ ... 
~ 

U. 

200 400 600 800 1000 1200 

Magnetic field (G) 

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 increas~s 

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 nanoparticies. Thus, mainly Fe2
+ and Fe3

+ of magnetite systems 

were responsible for the observed FR. The intervalence charge transfer 

among these two types of ions also accounts for the FR in the system. 
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A=632.8 nm 
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Fig 3.4: FR response of FFG 

Rare earth (RE) oxides are widely used in luminescent 

components, permanent magnets and glass industry.[32] They are 

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 Iight.[33] In particular, Gd20 3 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. [34] Gd203 nanoparticle is a 

good candidate for magnetic resonance imaging (MRI) agentPS] 

It was known that owing to availability of unpaired electrons in the (­

sub shell of Gd, Gd20 3 exhibits magnetic properties both in bulk as well as 

in nano formP6] The unusual magnetic properties become prominent 

when the system of interest is in the nanoscale range.[37-39] Therefore, 

magneto-optic phenomena like FR of Gd203 based ferrofluid is very much 

expected. It was suggested that, the transition between the 4( electrons of 

the RE ions could lead to modified optical response in Gd20 3. [40] 
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The ferrofluid FFG contained eTAS coated Gd203 nanoparticles 

with ethanol as carrier medium. The FR response of FFG is shown in Fig. 

3.4. The Verdet constant of the synthesized Gd20 3 based ferrofluid in our 

case is calculated as 7.7x 1Q-2deg/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 Gd203 

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.f41) 

In case of magnetic colloidal solution the birefringence and dichroism 

originates from the intrinsic optical anisotropy or the ~hape anisotropy of 

the individual particles.[42) 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:[12) 

I ( III 
L1A" = - n -) 

10 
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L'lA1. = -In(~) 
10 

(3.4) 

The transmitted light intensity when the magnetic field is switched 

off is referred as /0 and that in presence of the field in a direction parallel 

and perpendicular to the field are written as III and 11. ; respectively. The 

intrinsic LD of the fluid is then expressed as:[121 

(3.5) 

Here, A. is the incident light wavelength and l is the optical path length. We 

carried out all the dichroism measurements with a red laser of A. = 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.[431 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:[441 

E = 11 13 {3(p, rJro - p} 
41[101 To 

(3.6) 

where, To 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 
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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. [44] 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 

magnitudes of the parallel and perpendicular components of the LD will be 

different for each case.l45] The strength of the parallel component is about 

twice that of the perpendicular component and it is opposite in sign.[45.46]In 

other words, f1AII == -2f1AJ.. This type of variation is much expected in 

most of the magnetic fluids (FFs).[12]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. [47] 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 ego viscous bodies).l47] 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.[48] 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.[49-511 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 

property for ferrofluid application/ research [52.531. The viscosity of FF is 

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.!54] 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/OO-

151). Fig.3.B 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: 

_XI xI 
Y = Yo + y1e tl + Y2e- t2 (3.7) 

Here Y is the viscosity in logarithmic scale, Yo is the initial viscosity, 

y1and Y2 are the viscosities at zero shear rate for a particular trend, x is 

the applied shear rate while f" f2 are the decay parameters in sec· 1. 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·1 and 118 sec·1 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.[55] 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 Yt (cP) Yz(cP) t1(/S) t2(/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 1S.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.[56.57) 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.(58) 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. [59) 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 
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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 (f]r) 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: 

1)(H)-1)(O) (3.8) 
71r = 1)(0) 

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 Fe304 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)4NOH] than that of Oleic acid (C18H3402). It was reported 

earlier that the dispersion stability of surfactant depends on the 

hydrocarbon chain length.[601 The absorption free energy increases with 

the increase of the hydrocarbon chain length, leading to improvement in 

chemical stability. [611 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 

89 



Chapter 3' Effect of statIc magnetic field on ferrofluids 

Langevin type response with the condition .1Au == -2.1A.L' 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' 

1.0wing to the long chain length of TMAH molecules, FF2 specimen was 

found to be -12% more viscous than FF1 (with oleic coated MNPs). 
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"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. Ion 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 techniques.[1-5) 

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 wayJ6) A number of nanostructures with extreme 

aspect ratios have been fabricated and tailored using the application of ion 

beams.[7-8) Chemical bonds break or make during the impact of high 

energetic ions on the material surface and is commonly known as surface 

modification.[9-10) 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 processJ11-12) Ion beam could be effective not only in semi 

conductors,[13-15) but also capable of controlling the phase stability of 

alloysJ16j Amorphization of many crystalline materials due to MeV ion 

irradiation have been established_[17-18j Ion 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 PUCo/Pt ultrathin film.[19) 

Swift heavy ion (SHI) irradiation not only modified the crystal structure of 

magnetically frustrated thin films (BiMn205), but it also induced a weak 

ferrimagnetism in the polycrystalline film.[20) Currently, topographic 

patterning of magnetic materials is considered as very important for 

magnetic data storage and magneto-logic devices. Ion irradiation or ion 

implantation could be useful in forming such patterning also.[21) 

In ion irradiation process, energetic ions interact with the electrons 

and nucleus of a target material by successive collision events. [22) 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 SerE). 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 Sn (E). Binary collision (single 

scattering) rather than multiple scattering of ion-matter interaction is more 

prominent in nanomaterial.[23) 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. [24) 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 suiiace. Ion-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. [23) 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).[25) 

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:[26) 

dE _ (dE) + (dE) 
dx dx n dx e 

(4.1 ) 

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).[27) 

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 [ReE)] of an ion is derived 

as:[28) 
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f
o dE 

R(£) = E dEl 
dx 

(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, kinetic energy 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 situation, 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.f29] 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 surface of the nanoparticles in a precis'e 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. [28] Primary 

recoil having energy around hundreds of eV results in number of defects 

nearer'to each other.l28] 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.[28] 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 Eo is expressed as: [25) 

v(En' Eo) ~ r En (4.3) 
Eo 

Here, En is the fraction of the incident ion's energy spent in elastic collision 

and r is dependent on atomic collision. 

Ion irradiation (keV) also leads to creation of adatoms on the 

surface.[30) The impact of low energy ion irradiation on materials has been 

studied since decades back. In 1998, Chap pert et al published their first 

paper on 'planar patterned magnetic media obtained by ion Irradiation.(31) 

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 layersJ32) In thin film magnetic 

multilayer, symmetry breaking at the interface alter the perpendicular 

magnetic anisotropy (PMA).[33) Any roughening at the surface leads to the 

symmetry breaking.(33) The local environment of the atoms of a magnetic 

material influences its properties. Ion-beam mixing simply modifies such a 

local environment of a large fraction of atoms.(34) In thermal spike regime, 

ion-beam mixing of thermally immiscible Ag/Fe and In/Fe layers has been 

reportedJ35) In one of the pioneering work of ion implantation, Ar ion was 

used to study the structural and magnetic property of Co/Pd multilayer.(36) 

Nowadays, reports are available on ion irradiation induced interfacial 

mixing in bilayers/multilayers and chemical ordering in alloysJ37
-
39) 

Spherical Co nanoparticles was formed in a Si02 layer by implanting 160-

keV Co ions (fluence: 1017 ionsl cm2) into layer.(40) In order to reveal 

structural modification, the implanted samples were next irradiated with 

200-MeV ion in the fluence range 1011 - 1014 ionsl cm2 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 anq as fabricated patterned magnetic array showed a 

reduced coercivity and narrow standard deviation in the switching field.(41) 

Recent reports show that when ZnO nanosticks/nanorods were irradiated 

with low energy Ar -ion its magnetic as well as luminescence properties 

changed drasticallyJ42.43) For a comparatively higher fluence (of the order 

of 1016) Ar-ion irradiation also created intermetallic phases along with inter 

mixing layers in a AllTi nanostructure.(44) When carbon nanotubes were 

irradiated with 140-kev He-ion, it transformed into amorphous state with 

enhanced defect annealingJ45) 

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 (10-8 

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 /I). The ion 

fluence was chosen as 1013 ions cm-2 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 nanpparticles. 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 Fe304 nanoparticles. The 

unirradiated Fe304 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 Fe304 

(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 10-2 , which changes to -7 .7 x 10-2 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.[46] The observed variation in the micro strain is 

also attributed to the ion induced defects. In short, the basic inverse spinel 

structure of Fe304 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 Fe304 based unirradiated ferrofluid 

with water (FFW) and kerosene (FFK) as carrier are shown in Fig 4.2 (a) 

and (c) respectively. The TEM image of the Gd20 3 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 MNPs in spite of the energetic irradiation . 

4.2.3. FT -IR spectroscopy 
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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) unirrad iated 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 external/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 Fe304 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-1 and 510 - 445cm-1
. Instead of these, 

the FF after irradiation shows comparatively sharp peak in the 

wavenumber range 625-610 cm-1 and one at 482 cm-1
. In the same way, 

in case of FFK, though the Fe-O stretching mode at 528.957 cm-1 remains 

same, the small vibrations in between 440.725 cm-1 and 481.155 cm-1 

appear as two distinct vibrations at 424.197 cm-1 and 472.001 cm-1
. In the 

Gd20 3 based FF, Gd-O inplane vibrations at 536.8 and 413.3 cm-1 

become more prominent for irradiated Gd20 3 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 Gd20 3 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 Fe304 and Gd20 3 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 Fe304 nanoparticle are 

measured as 306.66 mT and 309.06 mT respectively, whereas those for 

Gd203 nanoparticle are found as 310.3 and 311.6 mT. Similarly the 

associated g-values of Fe304 for unirradiated and irradiated are 2.1028 

and 2.1096. The g-value 2.10802 of Gd203 becomes 2.09874, after ion 

irradiation. As the resonance shift for both the nanoparticles (2.4 mT for 

Fe304 and 1.3 mT for Gd203) 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 Fe30 4 nanoparticies 
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 Gd20 3 nanoparticies 
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. [47] 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.[48] 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 Fe304 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 Tigand Alg after irradiation are observed. There is also a slight 

change in the peak position of the Tig, T2~and Algmode of the irradiated 

nanoparticle with respect to that of the unirradiated one. The Tig, Tigand 

AIg peak shifted from 270.194 cm-1
, 581.008cm-1and 659.610cm-1 to 

271.866 cm-1
, 583.008 cm-1 and 651.253 cm-1 after ion irradiation. Raman 

spectrum is related with degree of crystallinity. Magnetite crystallizes in 

inverse spinel system with the Fe3
+ and Fe2

+ ions in the ratio 2:1. They 

occupy the tetrahedral and octahedral site coordinated with oxygen. 
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Earlier it was reported that the variation in linewidth of the A1g mode 

is related with the static electronic disorder due to the random 

arrangement of Fe2
+ and Fe3

+ cations in the B (octahedral) sites and the 

dynamic disorder due to the hopping of polarons from Fe2
+ and Fe3

+ 

sites.f49
) 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 

Fe3
+ and Fe2

+ 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 Gd20 3 has 

revealed a spectrum with broadened line-width, and enhanced intensity. 

The FWHM of the two most prominent Raman peaks (Bg modes) at 288 

cm-1 and 384 cm-1 have increased from 7.68 cm-1 to 9.36 cm-1 and from 

6.14 cm-1 to 10.41 cm-1, respectively. In addition, two other Ag modes, 

located at 575 cm-1 and 595 cm-1 were characterized by FWHM values of 

10 cm-1 and 8 cm-1, 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 Gd20 3 particles. Previously, it was 

advocated that the peak broadening is related with the phonon 

confinement and dispersion effect. [50) Here, the minor red shift of the 

aforesaid (four) peaks at 288 cm-1, 384 cm-1, 575 cm-1 and 595 cm-1 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.[51) In 

addition, evolution of a new peak at 202 cm-1 in case of irradiated Gd20 3 

system is expected to be the outcome of invariable superimposition of Ag 

and Bg modes in confined region. In the monoclinic phase of Gd20 3 
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(unirradiated) though this peak was not observed, for cubic structure (C­

type) a weak satellite peak, observable at -198 cm-1 is attributed to Ag 

mode.[52) Another group has reported the phase transformation of -30 nm 

Gd20 3 particles from C (cubic) -7B (monoclinic) by 30-keV O-ions.[53) In 

contrary, in the present case, the appearance of the new peak (202 cm-1
) 

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 Gd20 3 are 

0.291 eV/A, 0.213 eV/A; respectively.[54) 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 [FigA.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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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 Fe304 and Gd20 3 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 nanoparticies. Irradiation induced defects formation on the 

nanoparticies surface is confirmed by the characterization tools. Defect 

segregation to the grain boundaries of the nanoparticies is also possible. 

Now, the ordering pattern of different ions (eg. Fe2+ and Fe3+ 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 nanoparticie can give 

rise to significant lattice strain and can affect the original strain of the 

particie. 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.[55] 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. [55] 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 Fe304 with greater ease than Gd203. It is 

contemplated that the energetic Ar-ion would create/rearrange more 

defects in the Fe304 nanoparticles than the Gd20 3. This is manifested as 

the larger improvement of the FR in Fe304 based FF than that of Gd20 3 

based FF. 

(ii) 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 ean 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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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.[55,56] 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 anti sites defects leads to the decrease in anisotropy 

values.[56] 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 Fe304 the Fe3
+ and Fe2

+ 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 

Fe304 and Gd203 nanoparticles. Further, it was observed that ion 

irradiation may lead to a partial transformation of Gd20 3 nanoparticles 

from 8-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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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 ex and P 
rays, y rays possess highest penetrating power without any divergence. 

Typically, y -rays have energy more than 100 keV and wavelength less 

than 10 picometers with frequency above 1019 Hz. The high energetic y -

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: 

lex) = loe- Ilx (5.1 ) 

Here, 11 = no- is the absorption coefficient with n as the total number of 

atoms per unit area of the surface and 0- as the absorption coefficient. 

The penetration of y-radiation through matter is characterized by 

ionization through either photoelectric effect, Compton scattering or pair 

production. [11 In photoelectric effect, an electron is knocked out from the 

surface as a result of incidence of y-radiation. In such process, the v­
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 

125 



Chapter 5: y-irradiation effect on ferrofluids 

accompanied by emission of a new y-radiation. The newly emitted y­

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. y -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 

matter are extensively found in literatureY-4) y-irradiation has mixed impact 

on different materials. In material science, y-radiation has been widely 

used for the creation of point defectsJ5-7) An earlier report shows that, a 

high dose y-radiation could lead to the production of second order point 

defects.l8) In general, Ge related defects in Ge doped Si02 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.(9) There are reports on the effect of y-radiation on the lasing 

performances of Nd, Cr:GSGG (Cr3+-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 1 MGy. (10) However, 

on exposure of such radiation, colour centres were induced and 

strengthening thereby fluorescence property.(11) Previously, Mak et al have 

observed shifting of photoluminescence (PL) peak after y -irradiation in 

ZnSe crystalsJ12) 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. [13) 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.[14] 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.[15) Nowadays, composites of inorganic 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. 'V-irradiation is a comparatively new 

approach used for clinical sterilization. It was reported that the y-ray 

irradiation of hydroxyapatite/collagen resulted in accelerated degradation 

by coliagens.I16) 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. [17) 

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

Each of the as-prepared ferroftuids were taken in sealed containers 

and exposed in a 'V-chamber with a y-source (60Co). 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 Le. 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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5.2.1. Transmission electron microscopy 

• 

50nm 50 nm 

(b) 

(e) 

Fig.5.1 (i) : TEM micrograph of (a) unirradiated and irradiated FFW with 

dose (b) 878 Gy, (c) 2.635 kGy 

50nm 

(a> 
Fig.5.1 (ii) (a): TEM micrograph of unirradiated FFK 
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.. 

·60nm 

100nm -
(b) 

(c) 

Fig.5.1(ii) : TEM micrograph of irradiated FFK with dose (b) 878 Gy, (c) 

2.635 kGy 

(a) 
(b) 

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. 'Yor, 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.[18] We speculate that the Fe304 particles, dispersed in the FFs 

undergo solid state recrystallization and particle growth via absorption of 

energy from 'Y -radiation and dissipating into the surrounding environment. 

Note that the density of milli-Q- water (-1000 kg/m3) 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. It is 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 Gd20 3 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 

Gd20 3 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.S.2 (i) (c): DLS spectra of irradiated FFW with dose 2.635 kGy 
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Fig. S.2(iiHa): 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 ({3, 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, {3 

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 ({3) 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) (3 (nm) Dose(Gy) Size (nm) 

0 15 6.8 0 14 

878 28 17.02 878 17 

2635 60 13.1 2635 19 

5.2.3 FT -IR spectroscopy 
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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-1 and identified as C-O stretching mode of the 

atmospheric CO2 molecule, all other peaks correspond to the chemical 

constituents available in the FF under study. The broad band at -3488.07 

cm-1 and the small peak at -2403 cm-1 represent the characteristic O-H 

bending and stretching vibrational modes of the hydroxyl group of water 

molecule.[19] The sharp peak at - 1670 cm-1 and a weak peak at -1161 

cm-1 give the respective signatures of strong and medium -CO-OH 

bonding of oleic acid.[20] The typical Fe-O stretching vibrations of Fe304 

are prominent in the lower wavenumber region, in the range 598-566 cm-1 

and 510-445 cm-1POI't is seen that after irradiation, the characteristics 

peak of Fe304 has shifted further towards lower wavenumber side. 

Molecular vibrations obey Newtonian mechanics.l211 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 

frequency (v) of a molecule with mass m can be expressed as:[211 

v =.2.. G. 
2rr ~;;; 

(5.2)' 

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 small 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.l191 1t 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 'Y- 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 position even after the irradiation. The 

symmetric and asymmetric stretching modes of carrier fluid kerosene 

appear at 2929.42 cm-1 and 2856.9 cm-1; respectively. [22) The surfactant 

oleic acid confirms it's' presence by the two medium -CO-OH bonding 

mode at positions 1453.42 cm-1 and 1381.9 cm-1 in the unirradiated and 

irradiated samplesJ20) 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-1 and 528.96 cm-1 were due to Fe-O or/and 

Fe-OH stretching modes of Fe304PO) 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 Fe304 were 

modified to some extent, when subjected to irradiation. Thus, TEM and 

DLS study indicate growth of the dispersed Fe304 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-1 represent the 

respective signatur:es of O-H stretching and C-O stretching of 

atmospheric water and CO2 molecules.[19) The CH3 and CH2 bending 

modes of ethanol occurred at -1384-1392cm-1 and 1452-1569 cm-1; 
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respectivelyJ22] The peak at -1058 cm-1 is responsible for stretching mode 

of functional group CO of ethanolP2) The weak band at 2980 cm-1 and the 

sharp band at 1550 cm-1 indicate the presence of CTAB in the samples.[23) 

It was evident that the vibrational features corresponding to the Gd-O 

bonds at -536 cm-1 have been influenced by the irradiation effectJ24) 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-1 were also getting modified in intensities due to the 

irradiation effect. Reports have showed that ethanol is inactive to y­

irradiation.[25) 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 kGy, (ii) Energy level diagram of Gd3

+ 

peak at -355 nm, due to the 6P 7/2 -78S712 transitions [Fig. 5.4 (iii)] of Gd 

(III) 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?6J• 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?7.281. The shifting of the peak is also 

dependent on various experimental condition viz . temperature,[29) 

pressure[301 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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states (defect states) were 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 -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.[31) 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-ta-band (6P7/2 -78S7l2) 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 (SR) is related to the defect emission process 

whereas left symmetry (Sd is associated with the band-to-band emission. 

Here, right symmetry factor is defined by (AM-AR)I M with AM representing 

peak-wavelength corresponding to the main peak, AR is the wavelength on 

the right-hand side of the FWHM and .6.)..= hr AL, 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 (/21/, 

/2 being the intensity of the defect emission after deconvolution with / 

being the intensity 
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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 '11, (/1 is the intensity of the 

deconvoluted band-to-band emission) and relative symmetry factor SLIS 

(SL 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 '21, ratio. At the highest 

dose (2.635 kGy), we notice further reduction of 1;/1. The relative symmetry 

factor (SRIS) 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. 

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 un irradiated and irradiated ferrofluid s 

FFW FFK FFG 

Dose V Dose V Dose V 

(Gy) (deg/G-cm) (Gy) (deg/G-cm) (Gy) (deg/G-cm) 

0 O.64x10·L 0 O.47x10"L 0 7.7x10"L 

878 O.65x10"L 878 0.49x1O"L 878 7.3x10"L 

2635 1.15x1O"L 2.635 0.77x1O"L 2.635 7.8x10"L 
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The ninefold enhancement of FR can be attributed to the structural 

reorganization of the dispersed nanoparticles. In Fe304 system, 3d 

electronic states of iron are generally responsible for the magneto-optic 

effect. (32/ The cations (Fe3+ and Fe2+) 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 Fe2
+ and Fe3

+ ionsP3,34/ 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.(35/ Further, in nanoscale dimension, the finite size effect of 

MNPs leads to tremendous change in the magnetic ordering.[36) Whereas, 

magnetization decreases with sizeP7). So, with the reduction of size, the 

number of possible sites responsible for the FR would decrease. 

Conversely, the ratio of Fe2
+ / Fe3

+ 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 defectsP8) 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 Fe304 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 

i~teraction between the two magnetic nanoparticles can be described by a 

coupling constant (/\) given by:[39] 

(5.3) 

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

energy to the thermal energy (kf1T) in the system. Here, a is the diameter 
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of the MNPs and X is the effective susceptibility of individual MNPs. The 

favourable condition for chain formation of the dispersed particles is /I. »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 Fe304 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 nanopartic/e 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 (Gd20 3) 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 Gd3
+ 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 Gd203 

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 resulted from surface defects. Owing to higher stability of Gd203 

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 another 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 y-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 Eq.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. [40) 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 

neighbourhoodJ40J 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 

quenching of dipole moment and enhancement in position vectors 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 

151 



Chapter 5: y-irradiation effect on ferrofluids 

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 y­

irradiation. In contrary, LO 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.[1,2) 

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 playa crucial role in determining the 

overall properties of a FF.[3,4,5) 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.[6) 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 

FFY) 

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.[8,9) Consequently, the overall FF properties get 

modified 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 radiation 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. MiIIi-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 Fe304 based ferrofluids 
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Fig 6.1: FR of (a) unirradiated and (b) BO-keV Ar-ion irradiated MNPs based 
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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 Fe2
+ and Fe3

+ charg e 

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. XRO, 
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TEM analysis of Chapter 4). Hence, size is not an effective 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 /I). A theory of hydrodynamics predicts that the 

viscosity of a carrier fluid influences the overall magnetization of the FF.(10) 

Again, as the dispersed MNPs move along the field direction through the 

carrier fluid, they experience a viscous drag force (Fv). This viscous force 

hinders the structure evolution in the FF. This force can be expressed 

as:(11) 

Fv = TluCv (6.1 ) 

Here, Tl is the viscosity of the carrier fluid, U is the drift velocity and Cv 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 "f rays [Fig.6.1 (c)]. Note 

that there was substantial growth of the nanoparticles (refer to Chapter 5) 

due to the "firradiation. 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.[121
' t 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 0.64x10-£ 0.47 x 10-£ 

Ion irradiation 0.7 x 10-£ 0.5 X 10-£ 

y-irradiation 1.15 x 10-£ 0.77 X 10-£ 

6.1.2. Linear dichroism of Fe304 based ferrofluids 

Fig. 6.2 shows the comparative linear dichroism response of two 

Fe304 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 

numberllength of chains increases, the optical path w!thin 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 numberllength 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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Fig 6.3: FR response of unirradiated, Ar-ion irradiated MNPs based and "(­
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systems. In general, nanosystems contain plentiful defects[12), particularly 

oxygen vacancies[13, 14) are dominant in oxide nanostructured systems. 

Interaction between an oxide surface and energetic radiation (keV ion and 

y-irradiation) is capable of forming and annihilating oxygen vacancies.[15, 16) 

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, y-radiation 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 Fe304 nanoparticles. 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 Fe2
+ and Fe3

+ 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 Fe304 system based FFs 

namely; FFW and FFG reveal that the viscosity 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 y­

irradiation also affect the FR of the FF appreciably. The irradiation lead 

modification 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.(1.21 We have showed (supported by literatures) that the 

most effective MO and MV effect of FFs come into reality due to the 

particfe 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, (3) Raman scattering, (4) electron 

microscopy,l5) small angle neutron scattering (SANS),[6) atomic force 

microscopy (AFM),f71 fight scattering[B) etc. Popplewell et al observed a 

chainlike structure in tin and copper FFs whife studying the dichroism in the 

microwave region. They presented an image of linear arrangement of 

particfes under an external magnetic field applied 'parallel to the slit 

containing the particfes. (9) Decades ago, it was seen that magnetic 

nanoparticfes (Co) in a colloidal solution under goes a reversible process of 

different structures.l10) 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 coifed like structure with gentfe agitation. Under vigorous 

agitation the coifed 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 Fe304 based FF 

emulsion is also presented in another report.(11) The detailed structural 

evolution of the dispersed particles of a FF was found in a light scattering 

study[12) in which time-dependent intensity and scattered pattern of 

particfes were recorded. Intensity variation and patterns. formed by the 

scattered fight 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.!13] 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.!14] It was seen that with increase of size, the aggregates 

form chains and rings to multi chains and multi rings due to the competition 

among various energy terms. To unfold this phase diagram different 

models viz. Monte Carlo modelling,[15l molecular dynamics,l16] Brownian 

dynamics[17] etc. were employed. Now-a-days, most of the reports on 

chains are based on computer simulation.[18-20] Combining nuclear 

magnetic resonance and molecular simulations, Heinrich et.al have 

elaborated the structure formation in magnetic colloid with strong dipole­

dipole interaction.[21] 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,[22] instead of that 

all particle are strongly interacting (check the correctness). Recently, a 

statistical-mechanics and computer simulation based dipolar hard sphere 

model is reported for construction of the pair distribution function (PDF).[23] 

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.[22,24] In this 

method, the recombination of particle is considered as a reversible 

chemical reaction. The other approach is free energy minimization.[25] 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 IMV 

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 orland 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.[261 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. [271 

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 X1, X2 and X3. Then according to the 

Rayleigh's method: 

(7.1 ) 

Eq. NO.7.1 can be written as: 

x = C(Xf, xt XD (7.2) 

Here, C is a constant and a, band 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 1T - theorem 

The Buckingham Tl - theorem is an extensively used theorem in 

dimensional analysis. It is an improyement 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 Tl - 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 (q-d) independent dimensionless parameters.[28] 

These dimensionless terms are called IT -terms. 

Mathematically, if a variable Xl' depends on independent 

variables X2 ,X3 , X4 •.......•... Xn, then Xl can be written as: 

Or, 

Xl = f (X2,X3.X4 ...• Xn) 

fl( XV X2,X3,X4 ..• • Xn) = 0 

(7.3) 

(7.4) 

If there are m fundamental dimensions, then according to the 

Buckingham's IT-theorem Eq.7.4 can be written in terms of IT - terms in 

which number of IT - terms is equal to (n - m). Hence Eq.7.4 becomes: 

(7.5) 

Each IT-term contains (m + 1) variables. The m variables that appear 

repeatedly in each IT-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 X2 'X3 , X4 are considered as repeating 

variables and if there are three fundamental dimensions (say M, L, T), then 

each IT-term will be in the form: 

- X a1 Xb] Xc] X 
lTl - 2' 3 . 4' 1 

Xa2 xb2 XC2 X 
lT2 = 2' 3' 4' 5 

Xan-m xbn-m xCn-m X 
lTn- m = 2 . 3 . 4 . n 

where al , bl , cl ; a2' b2, c2 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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7rl = ({J(7rz• 7r3. 7r4 ...... 7rn - m) 

7r2 = ({J(7ri> 7r3. 7r4 '" ... 7rn - m ) 

7.2.2. Error analysis 
The error/uncertainty 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. [291 

(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:(30) 

[( aR )2 (aR)2 ]1/2 
Wr = aXl W1 + aX2 W2 + ......... . (7.6) 

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

Xl' X2.X3 .... , the uncertainty in the result is Wr and that in the independent 

variables are w1• W2.W3 •••••• 

7.3. Analytical calculation 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 HL T-

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/v 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 ~own 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 1[ - 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 

(I), particle diameter (0), viscosity of the carrier fluid (1]), particle density (p), 

magnetization (m), shear rate (]i). 

Mathematically, it can be expressed as: 

v = [(I, D, .,,-1, p, m,]i) (7.7) 

Or, [l(V,l,D,.,,-l,p,m,]i) = 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, 

l= L (m) 

D= L (m) 

p= M L -3 (kg/m3) 

The total number of fundamental dimensions= 4 (M, L, T and Q) 
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According to the Buckingham's 1[ - theorem, total, number of 1[ terms= 

3. Consequently, three 1[ - terms (say, 1[1,1[2 and 1[3 ) are formed. Now, 

equation 7.7 can be rewritten as: 

(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,l,d,/1-1,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 1[ terms are selected as follows: 

1[1 = lalyblpClmdlV 

Each 1[ term is solved by the principle of dimensional homogeneity 

as follows: 

1l1- term: 

Comparing the exponents of M, L, T and Q respectively, 

For M: 0 = C1 - 1 

For T: 0 = -b1 - d1 
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For Q: 0 = dl + 1 

Solving these, we get, a l = 3, hI = I, c1 = 1 and d1 = -1 

:. 7TI = l3ypm - I V 

1fz -term: 
MO CTo QO = L az. (T-I )bz. (M L -3yz. (L -IT-1Q)dz. (M- I LT) 

Comparing the exponents of M, L, T and Q respectively, 

For M: 0 = C2 - 1 

For L: 0 = az - 3C2 - d2 + 1 

For T: 0 = -b2 - d2 + 1 

For Q: 0 = d2 

Solving these on equal footing, we get, a2 = 2, b2 = I, C2 = 1 and d2 =O 

:. 7T2 = l2 ypTJ -I 

MO CToQo = Laa. (T-I )ba. (M L-3Y3. (C 1 T- I Q)d3 • L 

Comparing the exponents of M, L, T and Q respectively, 

For M: 0 = C3 

For L: 0 = a3 - 3C3 - d3 + 1 

For T: 0 = -b3 - d3 

For Q: 0 = -d3 

Solving these, we obtain, a3 = -I, b3 = 0, C3 = 0 and d3 = 0 

:. 7T3 = l-ID 
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Substituting the value of 1[1,1[2 and 1[3 in Eqn. 7.B we get, 

(7.10) 

Or, (7.11 ) 

Here, c is a material specific constant. Now, taking In on both the sides, 

(7.12) 

(3 - 2p + q) In I = In c + (p - 1) In y + (p - 1) In p - pin 1] + In m - In V + q In D 

(7.13) 

The p and q 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 V Y " m 0 p 

(rad/T-m) (S·1 ) (Pa-s) (AIm) (m) (kg/m 3
) 

FFW 0.11x10" 4 0.0073 3529 Bx10'!l 0.175 

FFK 0.OB1x10.:! 5.1 0.00B2 350B 10x10'!! 0.175 

FF1 0.05x10" 44.3 0.009 2400 12x10':1 0.66 

FF2 0.052x10.:! 22.B 0.013 2400 12x10'!! 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 

q in Eq.7.13, we get: 

3.71n I = In c - O.31n y - O.311n p - O.681n 1] + In m - In V + 21n D 

(7.14) 

178 



Chapter 7: Analytical calculation of chain length in ferrotluids 

Or,lnl = 0.271n c - 0.091n y - 0.091np - 0.181n TJ + 0.271n m - 0.271n V + 0.56 In D 

(7.15) 

The eqn. (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 c for each data set are shown in Table 7.2. 

Table 7.2: Different initial parameters. 

FF Y '7 m 0 p In c 

(S-1) (pa-s) (AIm) (m) (kg/m3) 

FFW 90 0.005 3529 8x10-9 0.175 9.81 

FFK 110 0.0059 3508 1 Ox1 O-l:! 0.175 9.48 

FF1 100 0.0064 2400 12x10-l:! 0.66 10.88 

FF2 105 0.011 2400 12x10-9 0.66 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 
(IJm) 

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 Fe 304 magnetic 

fluid with polymer acrylic resin forms chains of length in the micrometre 

scale (>200 /..1m) 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). [32) 

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, <;:ould 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(i) 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 1f - 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 V 1J m 0 p Wr 
(radrr-m) (Pa-s) (AIm) (m) (kg/m3

) 

FFW ±0.0014 ±0.05 ±3 ±2x10-9 ±0.007 ~O.5 

FFK ±0.0018 ±0.0821 ±1 ±2x10-9 ±0.007 ~O.75 

FF1 ±0.0098 ±0.0637 ±2 ±2x10-!:l ±0.002 ~O.54 

FF2 ±0.0052 ±0.03 ±2 ±2x10-9 ±0.002 ~O.OO2 
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Chapter 8: Conclusions and future directions 

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 (Fe304) and gadolinium 

oxide (Gd203) 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 Fe304 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·1
) 

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 G(1203 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 Gd203 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 y­

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 

y-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 1C - 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 Gd203 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 Gd203 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 to 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 (Gd20 3) 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. 

(iii) Ferrofluid based MRI contrast agent: MRI (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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Appendix I 

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: 

a=PIA 

If the original length of the body is L and it becomes (L +LlL) after the 

force applied, the term strain measures the" deformation of the body. It is 

define as: 

Strain= LlUL 

The compressive strain [(Fig. 1 (b)] is related with a compressive 

force.ln such case the strain is negative as the length decreases due to 

the force applied [Fig. 1 (b)] 

L1 ~ ~ ~ .. • .. • 
L L 

!1 I ~ ~ ~ 
/ .. / / 

/ .. ./ M • 
L M 

L 

(a) (b) 

Fig. 1: (a) Tensile and (b) compressive strain 
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Appendix II 

Physical properties of host materials 

Molar mass 

Appearance 

Density 

Melting point 

Boiling point 

Molar mass 

Appearance 

Density 

Melting point 

Boiling point 

Vapor pressure 

Acidity (pKa) 

Basicity (pKb) 

Properties of oleic acid 

282.4614 g mar' 
Pale yellow or brownish yellow oily 
liquid with lard-like odor 

0.895 g mL-' 

(13-14) 'C 

360 'C 

Properties of ethanol 

46.07 g mar' 
Colorless liquid 

0.789 g cm-3 

-114 'C, 159 K, -173 'F 

78 'C, 351 K, 172 'F 

5.95 kPa (at 20 'C) 

15.9 

-1.9 

Refractive index (no) 1.36 

Viscosity 0.0012 Pa s (at 20 'C) 

Molar mass 

Properties of TMAH 

91.15 g mar' 
Appearance & Odor 

Boiling Point 

Melting Point 

Physical State 

pH 

Specific Gravity 

Clear, colorless_ Slight amine odor 

>100'C 

<O'C 

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-1 

Colorless liquid 

0.7918 g cm-3 

-98--97 'C 

65 'C 

5.9x 1 0-4 Pa s (at 20 'C) 

1.69 D 
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Appendix III 
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Ferrofluids 

M. Devia and D. Mohantab 

Nanosclence Lahoratory, Departmellt of Physics, Tezpur Ul1il'ersity, Tezpur 784028, Assam, India 

a manasldevl25(Q)gm3ll com; b best(Q)tezu.ernet.in 

Abstmct. In the present work, we report synthesis and 'magneto-viscous properties of cationic and 
anionic surfactant coated, iron oxide nanoparticles based ferrotluids. Stlllctural 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-I) and applied magnetic fields (0-100 gauss) In the absence of a magnetic 
field, and under no shear case, the ferrolluid 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 fl)und to be 
strongly dependent on the applied magnetic field as well as nature of the surfactant. 

Keywords: Ferrotluids, surfactant; rheological properltes. 
PACS: 81.07.-b, 66.20.Ej, 75.75.+0 

lNTRODUCTION 

In recent years, ferrofluid systems have emerged as technologically important 
candidates with prospective applications in magneto-sealing, magneto-shielding, 
biomedicine etc. [1-41. These technological attractions are basicaJly 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 f5-71. In ferrofluid synthesis method, the most 
conunonly used nanoparticles are magnetite (Fe304) and maghemite (y- Fe203) 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. GeneraJly, particles of size 4 - 20 nm with a 
surfactant layer of thickness - 2 run result in a good quality ferrofluid f91. 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 cmcial for many devices. 

Here, we report the synthesis of anionic and cationic surfactant coated two iron 
oxide (Fe304) based ferrofluids and compare their magneto-viscous characteristics for 
various shear rates, with and without application of magnetic fields. 

CP1147, Transport and Optical Propcl"flcs ofNanol/latcr/a/~/CTOPON - 2009, edIted by M R Sll1gh and R H LIpson 
<02009 AlI1encan Inslltute of PhYSICS 978-0-7354-0684-1/091$25 00 
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EXPERIMENTAL DETAILS 

As a prime step of ferroflmd preparation, first MNPs were synthesized. We have 
followed an inexpensive co-precipitation method for producing nano-sized Fe304. The 
chemical equation is as follows: 

In the second step, the synthesized nanoparticles are coated with two kinds of 
surfactants namely, tetra methyl anul10nium 'hydroxide (TMAH) and oleic acid. The 
fanner one is cationic and the latter one is anionic surfactant. In this work we take 
metllanol as carrier fluid. The schematic syntllesis procedure is presented below. 

1.28 M 
FeCb 

Magnetic stirring ~ 300 rpm 

I Precursor I 
~DroP wise 

0.64M 
feCh 

M ... 1
15M 

I agnetlc sl.1mng NaOH 300 rpm 

D 
Black 

Centrifugation precipitate 1000 rpm 
pH=12.3 

MNPs 
(black thick 

mass) 

Coated with n 
TMAH U n Coated with U Oleic acid 

I Precursor I L-I_p_re_c_u_rs_o_r---, 

Dispersed in n 
methanol ~ 

FFI 
[Coated 

MNPs=16% 
(v/v) of 

methanol] 

n Dispersed in 
~methanol 

FF2 
[Coated 

MNPs=16<X 
(vlv) of 

methanoll 

(N ~) 
FIGURE 1. Block dIagram of 'iynthesls procedure of ferrolluid (A) 151 5tep (B) 2nd 'itep 

496 



RESULTS AND DISCUSSION 
Str'uctUl'al Studies 

First, tlle synthesized magnetite 
particles are characterized by x-ray 
diffractometer (model. Rigaku Mini 
Flex 200). Fig.2 shows the typical XRD 
pattern of the synthesized uncoated 
magnetite particles. The peaks at 35.35°, 
56.4°,63.35° and 66.1° are designated 
as characteristics peaks of magnetite 
with preferred orientation along (311), 
(511), (531) and (442) planes, in 
consistency with the other works [lO­
ll]. Peaks at 31 ° and 75 2° arise 
because of impurity. The size of the 
particles is calculated by the Scherrer's 
formula: 

100 

110 

500 
II) ... 

460 C 

i3 
400 U 

ISO 

100 

250 
20 

(311) 
(51J) (531) 

(442) 

~~ 

,. 40 50 50 70 10 

2 theta (degree) 

FIGURE 2. XRD pattern of uncoated magnetite 
sample 

ci-~ (1) 
Po nll.~f1 

where d is the particle size, II. is the wavelength of the x-rays, f3 is the full width at half 
maxima in radian and e being the diffraction angle. Considenng the most prominent 
peak, tlle average size of the MNPs was calculated to be - 4.7 run and with a strain 
value of -0.0012. The negative value of stram reflects contraction of atomic planes 
witltin a given nanoparticle. The fonnula exploited to calculate tlle strain of the 
particle is [12] 

!frrn,if1 • 1. i ~ (2) 
JI. '" JI 

(s is the strain and other symbols are the same as in tlle Scherrer's fonnula) 

(a) (b) (c) 

FIGURE 3. (a) Uncoated magnetite partIcles, partlcle5 coated wIth (b) TMAH and (c) oleIC aCId 
dispersed in methanol 
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Further, the samples are analyzed by transmISSIOn electron mIcroscopy (TEM) 
FIg 3 depIcts the TEM micrograph of uncoated, TMAH and oleic aCid coated 
magnetite samples It IS found that the particles have an average size of S±O 2 nm and 
are ofnonsphencai nature Most of the structures mclude oblate, hex.agonal and 
rhombohedral features 

Rheological properties 

RheologIcal propertIes of the prepared samples are studIed 10 a Brookfield dIal 
readmg VIscometer (Model MlOO-ISI) FIg 4 (a) represents shear rate dependent 
vanation of VIScosItIes 10 the absence of a magnetIc field The non lInear decay of 
VISCOSIty WIth mcreasmg shear rate confirm that the ferroflUid possess non NewtOnIan 
charactenstlcs The substantIal amounts of shear thmmng I e decrease of vIscosIty 
WIth shear rate, for both the ferroflUid can be e"Xpressed as 

Here Y IS the 10g(VISCOSlty), Yland Y2are 
VIscosItIes at zero shear rate, x IS the shear 
rate and t1 nt:A are the decay parameter 10 sec­
I These parameters correspond differently to 
FFI and FF2 (Table 1) From the exponentIal 
equatIOn It can be understood that the 
ferroflUids are undergomg two simultaneous 
decay equatlOns- one of them IS vel)' fast WIth 
high decay parameter The cntIcal shear rates 
at which shear thmnmg slows down are 8621 
sec-1 and 118 sec- 1 for FFI and FF2 
respectively The overall VISCOUS nature of the 
ferroflUids can be attnbuted to the 
arrangement of small dispersed chams of the 
MNPs [13] With mcreasmg shear rate some 

12 
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~ 
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• 
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FIGURE .t(a). VanatlOn of VISCO SIt)' WIth 
shear rate For FFI and FF2 

kmd of perturbation of these clusters occur leadmg to a decreasmg trend of vIscosity 
It IS eVident that 10 the absence of any e"Xtemal force there are more number of 
clustenng 10 FFI than that of FF2 (fig 3(a)) In other words, oleIC aCid (anIOnIc 
surfactant) coated partIcles are more dIspersed than TMAH (anIOnIc surfactant) coated 
partIcles 10 the ferroflUids But With mcreasmg shear rate oleiC aCid coated clusters 
respond to fragmentation more rapidly 

TABLE 1: Different parameters of FFI and FF2 

FFl FF2 
VI 067 )'1 064 

)'2 099 )'1 086 

tJ 1099 tJ 1536 

t2 11774 tl 16873 
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Fig 4 (b) and Fig 4 (c) demonstrate the magneto-vIscous property of the as 
prepared ferroflUids Pronounced non Newtoman behavIOr was observed even 10 the 
presence of magnetic fields (H) For a fi"\.ed shear rate, applied magnetic field could 
enhance the VISCOSity of the ferroflUids But for a particular field, vIscosity decreases 
with mcreasmg shear rate Other workers have argued that the formation of different 
field mduced structures e g cham sequence, droplJJ...e etc 10 real ferroflUids [14-15] 
nught lead to such a vanatlOn Particles larger than the cntIcal size (-10 nm for 
magnetite particle) are more prone to thiS kmd of structure formatIOn 161 In a 
ferroflUid the amount of such particles greatly mfluences the magneto-vIscous 
property With high shear rate these structures break down, which results 10 decreased 
VISCOSity It IS reported by Odenbach et al that the mteractlOn between the magnetic 
moment and mechanical torque of the particles results 10 high magneto VISCOUS effect 
This IS substantially owmg to stronger onentatlOn tendency of dipole moments from 
the directIOn of VOrtiCity towards applied field [161 In our case, the directIOn of the 
magnetic field IS perpendicular to the vorticity of the flUid As the field mcreases, the 
strength of the mteractIon between the field and the magnetic moments of the MNPs 
also mcreases, which results 10 shlftmg of the cntIcal shear rate toward lo\ver shear 
rate directIOn The relative changes of vIscosity (1Ir) for both FF 1 and FF2 at different 
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FIGURE -I(c) VanatlOn of vIscosIty at 
FF2 WIth shear rate 

magnetic fields are shown 10 Fig 4 (d) and Fig 4(e) It IS e"\.pressed by the equatIOn 

(4) 

It IS seen that the FF2 responds more rapidly to the field than that of FFI 

mespectIve of shear rate It Implies that oleiC aCid coated partIcles easIly mteract With 

the field TMAH coated particles are more stable 10 ferroflUid 10 comparison to oleiC 
aCid coated particles 
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CONCLUSIONS 

We prepared two chenucally synthesIzed magnetlte based ferrollmds The 
ferroflwds dufer from each other dependIng on tlle surfactant type used to stabIlIze tlle 
MNPs The rheologIcal study gIVes hInts about the role played by the surfactants In 
decIdIng the VISCOUS property of the ferroflmds In consIstent WIth otller report, It IS 
found tllat the magneto-vIsCOUS property of tlle ferroflmd e\.lubits shear tlunrung 
OleIC aCId coated partIcles m ferroflmd (FF2) are found to be more dIsperse m the 
absence of fIeld and more rapIdly respondmg to the applied magnetlc fIeld than that of 
TMAH coated partIcles (FFl) Vnderstandmg magneto-vIsCOUS propertIes In terms of 
role of surfactants, shear dependency, and SIze dispersity would find vanous 
apphcatlOll e g , sealmg, sWItchmg and lubncatmg agents etc 
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In this work we report on the surfactant aSSisted syntheSIS of gadolinium oXide (Gd20 3 ) nanopartlcles 
and their characterization through various microscopIc and spectroscoPIc tools Exhibiting a monoclinic 
phase. the nanoscale Gd 20 3 particles are believed to be compnslng of crystallites With an average size of 
~3 2 nm 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 ~O 28 nm Founer transform Infrared 
spectroscopy studies show that Gd-O Inplane Vibrations at 536 8 and 413 3 cm- I were more prominent 
for 80-keV Ar-Ion Irradiated Gd 20 3 nanosystem than umrradlated system The photoluminescence (PL) 
spectra of Irradiated specimen have revealed an Improvement In the symmetry factor oWing to 
Significant enhancement of surface-trap emiSSion. compared to the band-edge counterpart IrradiatIOn 
Induced creation of pOint defects (oxygen vacancies) were predIcted both from PL and electron 
paramagnetic resonance (EPR) studies Further the Raman spectra of the Ifradlated sample have 
exhibited notable VibratIOnal features along With the evolutIOn of a new peak at ~202 cm- 1 ThiS can be 
ascnbed to an additional Raman active Vibrational response oWing to conSiderable modlficatton of the 
nanostructure surface as a result of IOn bombardment Probing nanoscale defects through pnme 
spectroscopy tools would find a new avenue for precise tuning of phYSical properties With generatton 
and annihilation of defects 

1. Introduction 

Magnetic nanostructured systems. especially paramagnetic or 
superparamagnetlc nanopartlcles have emerged as technologically 
Important candidates OWIng to their potential applIcation In 
diverse areas of nanosclence and nanotechnology The ferroflUids. 
which are prepared by disperSIng nanoslzed Iron OXide particles m 
a carner flUid are bemg used m magnetic drug targetmg and 
hyperthermia [1.2) There has been an explOSIOn of research m the 
development of memory deVices and quantum architecture that 
pnmanly make use of magnetic nanopartlcles as bUlldmg blocks 
[3.4) Rare earth (RE) sesqUloxldes havmg unpaired d or / electrons 
have also Imperative role for their unIque magnetic response to 
deVice fabncatlOn Recently. high-qualIty 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-contaInmg complexes and nano­
crystallme gadolInIum OXide (Gd20 3 ) are bemg used m exammmg 
magnetoresonance Imagmg (MRI) of patients The Signals are 
achieved owmg to the paramagnetic properties of gadolInIUm (III) 
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Ions stemmIng from the seven unpaired/electrons [5 6) Similarly. 
RE-doped Gd20 3 IS one of the most promlsmg systems that has 
Immense applIcatIOn m solId-state lasers and display deVices (7 8) 
In general. Gd20 3 occurs m two crystal forms cubiC and 
monoclInIC MonoclInIC gadolmlum sesqulOxlde IS used as a 
catalyst for the dlmenzatlOn of methane. I-butene IsomenzatlOn 
hydrogenation of 1.3-butadlene. acetone aldol addition as a 
selective catalyst and as a support for metals that catalyze 
methanol formatIOn from CO2 and H2 [9) EarlIer. It was shown that 
the mtense narrow emiSSion response of doped Gd20 3 particles can 
be attractive for effiCient fluorescent labellmg which could replace 
the use of conventIOnal organIc fluorophores [10) Therefore the 
lanthanIde system can act as an alternative candidate that can help 
m the quantitative analYSIS of ImmobilIzed protems and small 
molecules In micro Immunoassays With very high speCifiCity 

On the other hand. another Important field of research IS the 
effect of energetic IOn Irradiation on nanostructured systems For 
MeV Ion IrradiatIOn the electronIC energy loss IS dommant over 
nuclear energy loss where as for IOns carrymg keV scale energy the 
SituatIOn IS reverse When matenals are Irradiated by SWift heavy 
Ions (SHI) the mCldent energy IS mamly transferred to the 
electrons of the target matenal wlthm a time scale of 10- 15 sand 
then released to the lattice m 10- 12 5 As a result of fast quenchmg 
the energetic Ions (MeV scale) are capable of producmg 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 offoreign 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 20 3 particles by a user­
friendly physico-chemical route. The synthesized and SO 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 Gd2 0 3 powders by adopting a 
simple physico-chemical route. Note that mechanical grinding/ 
crushing of bulk Gd 20 3 would not result in nanopowder owing to 
very high thermal and environmental stability of the RE system. At 
first, 100 mmol of bulk Gd20 3 (99%, Otto) was added to 50 ml of 
double distilled water. Then, an appropriate amount of HN03 

(69%GR, Merck) was mixed to this solution under vigorous stirring 
until a clear solution of Gd(N03 h 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-Ceryl-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 aq. NaOH (6 x 10-3 M) at 
once. Upon stirring for 30 min and subsequent centrifugation, one 
could separate out white precipitate ofGd(OHh 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" ~SOO °C for 1 h till an off-white powder of Gd 20 3 is 
achieved. 

The dry Gd 20 3 powder was sprinkled on a hydraulic-pressed 
teflon-pellet and then it was irradiated with SO keV Ar ions 
(fluence: 1013 ions cm-2

) in a high vacuum (10-8 mbar) chamber 
at room temperature. The Gd 20 3 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). 

-::i = -.e-
] 
.s 

30 40 50 60 70 
29 (degree) 

Fig. 1. XRD pattern of the synthesized nanoscaJe Gd2 03 system. 

3. Results and discussion 

The characteristic properties of the synthesized and irradiated 
nanoscale Gd 20 3 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 (2e) of 26.35°, 31.3 P, 35.75°, 42.41°, 
46.75° and 55.61°. These peaks of monoclinic (B-type) Gd 20 3 phase 
corresponded to (202), (003), (203), (313), (204) and (514) 
planes, with preferred crystallographic orientation along (003) 
plane. This is also in consistency with the previous work [7]. The 
average crystallite size (d) and effective microstrain (1)) can be 
gauged from the popular Williamson-Hall (W-H) expression [181: 

f3hkl cos ehkl = 0.9 ~ + 4/) sin Bhkl (1 ) 

where, f3h k I is the full width at half maxima in radian. eh k I is the 
diffraction angle in degree, )... 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 nm and -l.S x 10-3. 

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 
Gd20 3 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 Gd20 3 at (a) lower. (b) higher magmfication and (c) Ar irradiated Gd20, system. 
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Fig 3 FT-IR spectra of (a) synthesized Gd~O, (b) Ar Ion Irradiated Gd~O, (nuence 
1013 Ions cm-2 ) and (c) ethanol as reference 

through XRD and TEM analyses Fig 2b shows an Isolated sphencal 
particle. whIch depIcts dIstinct. eqUlspaced lattIce planes (shown 
by short parallel hnes) havmg an mterplanar spacmg of 0 28 nm 
The magmtude of the Interplanar spacing between successIVe 
(003) planes of the monoclmlc Gd20 3 structure can also be 
estImated from the Bragg's law (2dh k I Sin 8h k I = nA. consldenng 
1 st order diffractIOn) The TEM mIcrograph of the 80 keV Ar Ion 
IrradIated specImen (FIg 2c) reveals no vanatlOn WIth regard to 
sIze and morphologIcal shape evolutIOn Upon IrradIatIOn the 
nanopartlcles stilI appear m unclustered form while keepmg 
sphencal nature Intact 

32 SpectroscoPIc studies 

The spectroscoPIc response of umrradlated and madlated 
nanoscale Gd20 3 system was mvestlgated through Ff-IR PL EPR 
and Raman spectroscopy 

An Ff-IR spectrum prOVIdes informatIOn WIth regard to 
bending. bondmg and stretching of molecules In a gIven 
compound The VIbratIOnal modes generally occur at hIgher 
energIes (hIgh wavenumber) for orgamc compounds and at lower 

(A) 600 
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500 

:;- 400 
;;; 
c 
2! 300 
c 

200 

100 

0 

energIes (low wavenumber) for morgamc compounds As shown In 

FIg 3. the charactenstlc Ff-IR spectra show Independent 
VIbratIOnal features for three kinds of specImens namely ethanol 
(red label). Gd20 3 dIssolved In ethanol (green label) and Hrad,ated 
Gd20) dIssolved In ethanol (blue label) In case of ethanol CH3 and 
CH2 bendmg modes occurred at 1392 and 1452 cm-1 whereas CH2 

CH3 CO and OH stretchmg VIbratIOns are observable at 2910 2975 
1060 and 3679 cm- 1

• respectively [19[ In the presenr case we 
assIgn the band 1384-1392 cm- I and 1452-1469 cm- ' to 
symmetnc CH) and CH2 VIbratIons (FIg 3a) For all the spectra 
the broad peaks located at 344946 cm-1 and at 1637 7 cm-1 are 
aSSIgned to the charactenstlc O-H stretchmg of atmosphenc water 
and due to the atmosphenc CO2 respectIvely (FIg 3a-c) In order 
to understand VIbratIOnal response of Inorgamc Gd20 3 partIcles m 
orgamc medIa. we now focus our attentIon to the hIghlighted area 
It clearly depICts the absence of Gd-O bondmg feature In pure 
ethanol sample On the other hand Gd-O VIbratIOnal response IS 
eVIdent both for unlrfad,ated and Ar IOn IrradIated sample (20.211 
Moreover. Gd-O mplane VIbratIOns at 5368 and 413 3 cm- ' 
become more promment for IrradIated Gd20 3 system than Its 
umrradlated counterpart ThIS suggests that the nanopartlcle 
surface has been modIfied apprecIably as a result of IOn-matter 
mteractlon It IS pOSSIble that the pOInt defects (e g oxygen 
vacancy) are created due to energetIc IOn bombardment Later. 
these defects can segregate to the partIcle surface causing some 
kmd of dIstortIOn onto the regular Gd-O lattIce The departure 
from the regular lattIce sIte along WIth the segregated defects can 
result In prominent IR VIbratIOns as eVIdent In FIg 3c Further a 
close look on the umrradlated and Iffadlated Gd20 3 nanopartlcle 
samples has revealed that apart from the prominent Gd-O 
VIbratIOnal peaks sphttmg of peaks have also occurred m the 
later case These sphtted peaks can be ascnbed to the uneven 
dlstnbutlOn of surface defects. mterstltlals and Inhomogenetles 

A PL spectrum. essentIally provIdes informatIOn WIth regard to 
Interband and Intra band carner tranSItIOns The room temperature 
lummescence spectra of both umrradlated and IrradIated Gd 20 3 

nanopartlcles (Aex = 270 nm) are shown ID Fig 4A In consIstency 
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Fig 4 (Al PL spectra of (a) synthesized Gd20) (b) Ar Ion irradiated Gd20, and (8) deconvolution of PL spectra of (a) unlrradlated and (b) irradiated Gd20, nanosystems 
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Fig. 5 EPR response of nanoscale Gd,03 system (A) with respect to magnetic field variation and (8) with g varymg between I 95 and 22 The as-synthesized and Ar Ion 
Irradiated samples are labeled by (a) and (b) respectively 

with the earlier report, an asymmetncally broadened peak at 
~355 nm was noticed which IS ascnbed to 6P7 /2 ..... 857 /2 tranSitIOn 
of Gd(JII) [22] We speculate that the aSSOCiatIOn of a 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 4B For the Irradiated sample, a slgmficant 
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 In case of Gd20 3 nanopartlcle system subjected to 
gamma-irradiatIOn. up to a certain dose [23] In the present case, 
the left symmetry factor has Increased from 038 (umrradlated 
case) to 046 (Irradiated system) From the deconvoluted peak 
analysIs. the band to band vs defect related emission intensity 
ratio IS found to decrease from 1 12 to 093 Effectively. the 
competitive defect related emission as a result of development and 
partiCipation of nonradlatlve defect centers oWing to low energy 
irradiation has been established 

EPR IS a very speCial techmque to probe paramagnetic centers, 
charged pOint defects, orgamc and Inorgamc radicals etc Keeping 
the electromagnetic frequency band fixed. magnetic field IS 
generally vaned to achieve resonance Fig 5 depicts room 
temperature EPR spectra of (a) umrradlated and (b) 80-keV IOn 
irradiated (10 13 Ions cm-2 ) Gd 20 3 nanopowder samples recorded 
In the X-band (9 15 GHz) of the electromagnetic spectrum and at a 
field modulatIOn of 100 kHz The vanatlOn of Signal intensity with 
magnetic field and g value are shown In Fig SA and B. respectively 
As can be seen from Fig SA, though the spectra of the umrradlated 
and Irradiated samples are symmetnc m nature. have respective 
resonance fields centered at 3103 and 311 6 mT and associated 
with g-values of 2 10802 and 209874. respectively As the 
resonance shift (~1 3 mT) IS larger than the scannmg step 
(06 mT), we predict a clear vanatlon m the mteractlOn parameter 
of the Isolated electron spms anslng from the promment defect 
centers of the Irradiated system Generally, EPR spectra are 
mfluenced by the presence of defect centers, but the pOSitIOn of the 
defect also plays an Important role m determining the phySICal 
properties of the system If the defect IS placed symmetncally 
surrounded by a cluster of atoms m a representative system, then It 
gives rISe to an ISOtroPIC EPR Signal around the g-value of the free 
electron [24] PreVIOusly, It was reported that locatIOn of dIfferent 
kmds of surface defects (edge. terrace. corner of the Islands, etc) 
could mfluence the spectra and for the pOint defects at the edge 
gives symmetnc spectra With no additIOnal doublet [25] EPR 
Signal variation owmg to modified electron contnbutlOn IS also 
apparently VISible m Fig 5B We attnbute the symmetric spectra 

With the presence of surface defects (chiefly oxygen vacancies) 
created as a result of keV IOn Impact 

Raman spectroscopy deals With the melastlc scattenng of light 
and IS Widely used as nondestructive tool to Identify various 
Raman active Vibrational (phonon) modes The room temperature 
micro-Raman experiment was carned out by uSing A = 514 5 nm 
line of 50 mW Ar-lOn laser The observed Raman spectrum of the 
nanoscale Gd 20 3 IS depicted In Fig 6 The umrradlated specimen IS 
charactenzed by poorly resolved phonon modes (Table 1) It was 
known that the factor group analYSIS for B-type Gd20 3 predicts 21 
(14 Ag + 7 Bg) Raman active modes which slgmfy the mplane 
atomic VibratIOn as Ag stretching mode, and out of plane VibratIOn 
as Bg stretching mode With reference to (01 0) plane [22] In 
consistency With other reports, referring to Fig 6A. we have 
Identified nme Raman bands With regard to umrradlated Gd 20 3 

sample [22.26] Earlier It was suggested that a competitive 
mechamsm between the higher frequency shift due to the particle 
size reductIOn and lower frequency shift due to stram could 
mfluence the Raman spectrum appreCiably [26] It IS likely that 
smaller particles would expenence larger stram compared to 
bigger ones and a tYPical Raman shift IS characterized by the 
overall effect 

As shown m Fig 6B, the irradiated sample has revealed a 
spectrum With broadened line-Width. and enhanced mtenslty The 
FWHM of the two most prominent Raman peaks (Bg modes) at 
288 cm- I and 384 em-I have mcreased from 768 cm- I to 
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FIg 6 Raman spectra of (A) umrradlated and (8) Irradiated Gd20 3 nanosystems 
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Table 1 
Representative data of the observed Raman bands and assIgned modes 

Observed wavenumber Mode Reported 
(em-I) assIgnment wavenumber (em-I) 

Untrradlated IrradIated 
Gd20 3 Gd20 3 

153 A. 156 
180 Ag 175 
289 288 B. 298 
385 384 Bg 385 
417 B. 417 
445 A. 445 
486 Ag 484 
579 575 A. 583 
596 595 Ag 593 

936 cm- I and from 6,14 cm- I to 10.41 cm- I, respectively, In 
additIOn, two other Ag modes, located at 575 cm-I and 595 cm- I 

were characterized by FWHM values of 10 cm- I and 8 cm- I, 
respectively It IS expected that the energetic IOn madlatlOn has led 
to the creation of pomt defects or, some kmd of surface disorder m 
case of Irradiated nanoscale Gd 20 3 partIcles PrevIOusly, It was 
advocated that the peak broadenmg IS related with the phonon 
confinement and disperSion effect (26) Here, the mmor red shift of 
the aforesaid (four) peaks at 288cm-t, 384cm- I, 575cm- 1 and 
595 cm- I are assigned with the weak disperSIOn of the phonon 
modes, The spectrum ofthe madlated sample IS also manIfested by 
Improved mtenslty response of these four peaks at the expense of 
other modes We assign this observatIOn to the IrradiatIOn led 
lattIce dIsorder m the nanoscale system, which has also been 
predicted m an earher work of oXIde system (27), In additIOn, 
evolution of a new peak at 202 cm- I m case of irradiated Gd 20 3 

system IS expected to be the outcome of mvarlable superimposI­
tIOn of Ag and Bg modes m confined region In the monoclInIC phase 
of Gd20 3 (unIrradlated) though thIS peak was not observed, for 
cubiC structure (C-type) a weak satellite peak, observable at 
~ 198 cm- I IS attributed to Ag mode (22), Another group has 
reported the phase transformatIon of ~30 nm Gd2 0 3 particles from 
C(cublc) -> B (monoclInIC) by 30 keY 0 Ions [281 In contrary, m the 
present case, the appearance of the new peak (202 cm- I) indicated 
a partial phase transformatIOn from B-type to C-type, Note that, the 
electronIC and nuclear energy losses of 30 keY 0 IOns m Gd20 3 are 
0291 eV/A, 0,213 eV/A: respectively [291, Conversely, 80 KeV Ar 
Ions have respectIve energy losses lImited to 0539 eV/A and 
0858 eV/A In other words, nuclear energy loss over electromc 
energy loss IS more dommant m our case We speculate that, the 
eXIstence of the new peak could be due to structural reorgamzatlOn 
leadmg to partial phase transformatIOn on the nanopartlcle 
surfaces though a complete phase-transformatIOn IS highly 
undeSirable 

4. Conclusion 

We have syntheSized nanocrystalhne Gd20 3 particles by 
adoptmg a Simple phYSico-chemical route and then madlated 
With energetIc 80 keY Ar Ions at fluence of 10 13 IOns cm-2 

Referrmg to (003) plane, the mterplanar spacmg as calculated 
through diffractIOn and electron mIcroscopy studIes IS ~O,28 nm, 
The creatIOn of pomt defects and sIgnature of partial phase 
transformatIOn are predicted by m-depth spectroscopIc analYSIS 

As revealed In the PL spectra, the effect of low energy Ar Ion 
IrradiatIOn IS found to Improve the symmetry factor of the ovel all 
emiSSIOn response The EPR spectra have also hinted the 
formatIOn/annIhIlatIOn of nanoscale pomt defects The mdlcatlon 
of partial phase transformatIOn from monoclInIC to cubiC (as 
observed m Raman spectrum) With Ion madlatlOn would open up 
an Important avenue for further study as the cubIC phase of thIS RE 
OXIde has some addItIOnal advantage over the monoclInIC phase for 
SUitable deployment m lummescent deVIce applIcatIons 
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Abstract We report here the effect of Y-lrradlatlOn on 
the partIcle sIze and sIze dlstnbutlon dependent spectro­
SCOpIC and magneto-optiC propertIes of ferroflUlds, syn­
thesIzed by a co-precIpItatIOn method The X-ray dIffrac­
tIOn (XRD) study exhIbIts magnetite (Fe304) phase of the 
partIcles while electron mIcroscoPIc and dynamIC IJght 
scattenng (DLS) studIes have predIcted partIcle growth 
upon Y-lrradlatlOn Further, Founer transfonn Infrared (FT­

TR) spectroscopy studIes ensured that no dISSOCIatIOn has 
occurred due to lffadlatlOn 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 10-2 for the pnstlne sample to 5 6 x 
10-2 deg/Gauss-cm for the sample Iffadlated wIth the hIgh­
est dose (2 635 kGy) The substantial enhancement In the 
FR IS assIgned to the Improvement In assOCIated chaining 
effect oWing to adequate partIcle growth where an Increased 
stOIchIOmetry vanatlOn of Fe2+ lFeH IS assured 

1 Introduction 

A brainchIld of NASA In I 960s, the dIscovery offerroflUld, 
was a great achIevement for the SCIentific commumty for 
Its easy preparation method and Immense applicabilIty In 
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dIverse fields ThIs mystenous ferroflUld IS a collOIdal sus­
pensIOn of magnetIc nanopartlcles (MNPs) In an appropn­
ate camer flUId-like 011, water, kerosene, etc MagnetIte and 
maghemlte are the two most prominent candIdates used In 
the preparatIon offerroflUld The magnetIc partIcles are sus­
pended In such a way that they remain dlsperscd Indefi­
mtely In the camer flUId In spIte of long range magnetIc 
forces and short range van der Waals forces of attractIOn 
StabilIty of any ferroflUld plays a key role for all applica­
tIOn purposes The stabilIty can be achIeved eIther by coat­
Ing the magnetIc partIcles WIth surfactant molecules or by 
electrIcally charging the partIcles [I] Tn recent tImes, mag­
netic flUlds/ferroflUlds are extenSIvely used In drug target­
Ing mechanism [2-4] The growing Interest on ferroflUld In 
other applicatIOns (e g, sealing [5], shIelding [6], optIcal 
limIting deVIces [7], etc) IS oWing to Its magnetically tun­
able propertIes EspeCIally, magneto-optIc (MO) study has 
posed Immense SCIentific Interest as It relies on user-fnendly 
and non-invaSIve pnnclples StrategIcally, Faraday rotatIon, 
blrefnngence, 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 rIO] Plenty 
works hIghlighting MO effect under dIfferent condItIOns ex­
ISt In the literature [11-13], however, FR studIes on samplcs 
exposed to energetIc radIation are rarely found 

WIth a frequency larger than the X-rays, Y-lffadlatlOn 
IS regarded as the most energetic electromagnetic radIation 
The hIgh energetic y-radlatlon IS found to be abundant In 
the space and IS believed to be major cause of the mdg­
netIc fields of many extra-terrestnal objects The FR effect 
has been conSIdered a powerful tool for estImating magnetic 
field strengths In GalactIC and extra-galactic sources r14] 
Tn the field of medIcal SCIences, the new approach of y­

Iffadlatlon has accelerated the concept of drug delivery from 
ferroflUlds WIth great preCISIOn and control [15] 

If! Springer 



Tn thIs report, we present the effect of Y-IrradlatlOn 
on the water-dIspersed Fe304 based ferroflUlds The Slze­
dependent optIcal and magneto-optIcal changes as a result 
of IrradIatIOn are also hIghlIghted 

2 Experimental: materials and methods 

The preparatIOn of a stable water-based ferroflUld 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 stlITIng (~200 rpm), FeCI3 
and FeCh (In the molar ratIo Fe+2IFe+3 = 05) were trans­
ferred sImultaneously to a COnIcal flask contaInIng 25 ml 
of 04 N HCI Then, 200/11 of oleIc aCId (ClsH3402, 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 I 5 N NaOH 
solutIon under vIgorous stlITIng To facIlItate the reactIon, 
100 /11 of oleIc aCId was added In steps, In 10 mIn Inter­
val ThIs has resulted In a dark black coloratIon Tn the pre­
cursor, the nanopartlcle growth was allowed to proceed for 
30 mIn at 30°C WIth constant stIITIng FInally, It was allowed 
to cool down to room temperature and by performIng re­
peated washIng, centrIfugatIon and decantatIon, we obtained 
Impunty-free surfactant-coated magnetite powder 

Tn order to prepare a water-based ferroflUld, ~2 g of oleIc 
aCId coated MNPs were added to 40 ml of mIlII-Q water and 
then heated to 60°C under vIgorous stlITIng, for I h SImul­
taneously, a separate solutIon of oleIc aCId, mlllI-Q water 
and a few drops ofNH40H was prepared and added to It to 
get a stable solution (pH = 10 2) 

The as-prepared ferroflUld was IrradIated WIth a y-source 
( 60Co chamber) that IS capable of emIttIng photons WIth av­
erage energy of I 25 MeV and at a dose rate of 1 8 Gy/sec 
For makIng a comparatIve analysIs WIth reference to the 
pnstIne sample, we have selected two doses, Ie, 878 Gy and 
2635 kGy The synthesIzed Fe304 partIcles were character­
Ized by an X-ray dIffractometer (Rlgaku MInI Flex 200) MI­
CroSCOPIC charactenzatlon of the pnstIne and IrradIated fer­
roflUld was performed by transmIssIon electron mIcroscopy 
(TEM, JEOL-JEM CX n model) The specImen was first dI­
luted and then subjected to ultrasomcatlOn for 45 mIn, and 
then a mlcrodrop 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 scattenng (DLS nanoZS, Malvern Instruments) 
expenments Further, In order to examIne the nature of 
radIatIon-Induced changes In the molecular vIbratIon and 
bIndIng, the samples were analyzed by Founer transform 
Infrared (FT-lR, NIcolet Impact 4(0) spectroscopy Fara­
day rotatIon was measured In a custom made expenmen-
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tal set-up follOWIng an earlIer work [9] The optIcal compo­
nents of the set-up Include solId-state lasers (P = 20 mW, 
)... = 632 8 nm, P = 50 mW, )... = 532 nm), a plano-convex 
lens to collImate the laser lIght, a polanzer, an analyser and 
a SI photodlOde (detector) sensItIve wIthIn VISIble to red 
lIght An electromagnet was used as the source of external 
magnetic field WIth the help of a set of a surface polIshed 
mIrrors (reflectance> 999%), 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 placement of analyser as dIS­
cussed In the lIterature [9] 

3 Results and discussion 

3 1 XRD analysIs 

The syntheSIzed MNPs were first charactenzed by XRD 
FIgure I (a) IS a tYPIcal XRD pattern of the synthesl.led prod­
uct whIch IS charactenzed by five dIstinct peaks located at 
2987°, 35 15°, 4292°, 5684° and 624° and correspond­
Ing to (220), (311), (400), (511) and (440) planes of In­
verse spInel crystal structure of magnetIte system [17, 181 
Tn order to estImate average crystallIte sIze (d), we used the 
WIllIamson-Hail (W-H) equatIon gIven by [19] 

09)... 
{3hkl cos ehlJ = -- + 411 SIn ehl.l 

d 
(I) 

where f3hkl IS the full WIdth at half-maxIma (FWHM) In ra­
dIan, f)hkl IS the dIffractIOn angle In degrees, )... IS the wave­
length of the X-rays (~I 54 A), and 11 represents a dI­
menSIonless quantIty, termed as mlcrostraIn A posItIve ml­
crostraIn IndIcates InterpartIcle contractIOn whIle a negatIve 
value represents relaxatIon In the system The W-H plot was 
drawn consldenng promInent XRD peaks (FIg I(b)) The 
mlcrostraIn was calculated from the slope, whereas crystal­
lIte sIze was determIned from the Intercept of the W-H plot 
Tn our system, the mlcrostraIn and average crystallite Sl.le 
are estImated to be -7 x 10-2, and ~ 7 nm, respectIvely 

3 2 TEM analysIs 

The dIrect proof of eVIdence on the formatIon of nanopar­
tlcles can be assessed from TEM studIes FIgure 2 depICts 
the TEM Images of ultrasonIcally agItated magnetIte partI­
cles of the pnstIne and Y-Irradlated ferroflUlds It IS eVIdent 
that the partIcles retaIn theIr sphencal shape both In case 
of the pnstIne ferroflUld and the one whIch was IrradIated 
wIth a dose of 878 Gy (FIg 2(b)) except the fact that parti­
cles eXIsted In unclustered form In the later case When the 
ferroflUld was IrradIated wIth a comparatIvely hIgher dose 
(2635 kGy), some notIceable structural changes were ob­
served Tn the pnstIne ferrofluld, the partIcles are of average 
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Fig. 1 (a) XRD pallem of the synthesized mag net ite (Fe304) part i­
cles, and (h) W-H plot obtained using major diffraction peaks from (a) 

size ~8 nm. As can be found from the micrographs, the y­

irradiated ferroftuids contained substantial amount of larger 
particles along with several smaller particles. Parti cles with 
an average s ize of ~20, and 48 nm are observed in case of 
the fe rroftuids irradi ated with a dose of 878, and 2.635 kGy, 
respectively. 1f an energetic radi ation, e .g. y or electron ra­

di ation, passes through material , it can result in fragmen­

tation or recrystallization along with the induction of point 
defects. Consequently, the phys ical properti es of the mate­

rial would get modifi ed [20]. We speculate tha t the Fe)04 

particles, dispersed in the ferroftuids undergo solid state re­
crystallization and particle growth via absorption of energy 
from y-radi at ion and dissipating into the surrounding en­
vironment. It is ex pec ted that the smaller particl es will be 
more spherica lly sy mmetri c than the larger ones. 

3.3 DLS studi es 

In order to know th e particle size distribution under hydro­
dynamic interac tions, the pristine and irradi a ted ferrofluids 

c 

Fig.2 TEM micrograph of (a) pristine and irrad iated fcrrollu ids with 
dose (h) 878 Gy, (e) 2.635 kGy 

are also analyzed by dyn am ic li ght scattering studi es . Fig­

ure 3(a) is the s ize di stribution of the unirrad iated fcrrofluid , 

which pred icts that most of the particles are having an aver­

age size of ~ 15 nm. In case of the ferroftuid irrad iated with 

a dose of 878 Gy, the average s ize is in creased ( ~2X nm) 

and for the hi gher dose (2.635 kGy) it is ~60 nm . Thus. 

adequate particle growth , as a result of y-radiation , is a lso 

evident from the DLS studi es. Note th at the predicted val­

ues are somewhat larger than the valu es obtained from TEM 

analyses owing to th e fac t that the DLS study whi ch re li es 

on scattering events depends on the hydrodynamic diame­

ters of the particles that are coated with surfac tant layers. It 

was also observed th at the FWHM ( /3, in nm) of the Gaus­

sian fittin g gets inc reased from 6.8 for the pri stine to 32. 1 nm 

for the irradiated (dose: 2.635 kGy) ferroftuids. For the fer­

rofluid irradiated with a dose of 878 Gy, Ii is fou nd to be 
17.02. It indicates that the panicle size distribution has in­

creased with irradiation dose. 

3.4 FT-lR analysis 

FT-lR spectroscopy is a healthi er access to trace the change 
in the vibrational features due to the presence of certain con­

stituents in a g iven material system. The characte ri stic bend-
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Fig. 3 DLS study of the (a) pristine and irradiated ferroftuid with 
doses (b) 878 Gy and (e) 2 635 kGy 

ing, bonding or stretching modes of the IR active material 
corresponds to specific peaks in an FT-IR spectrum. Fig­
ure 4 shows the room temperature FT-TR spectra of the pris­
tine and the irradiated ferrofluids. Except a peak observable 
at ~2077 cm- I and identified as C-O stretching mode of 
the atmospheric C02 molecule, all other peaks correspond 
to the chemical constituents available in the ferrofluid un­
der study. The broad band at ~3488.07 cm- I and the small 
peak at ~2403 cm- I represent the characteristic O-H bend­
ing and stretching vibrational modes of the hydroxyl group 

~ Springer 

3000 

dose:2.635 kGy 

dose: 878Gy 

pristine 

2000 

Wavenumber (em") 

M.Devietal. 

1000 

Fig.4 FT-TR spectra of pristine and irradiated ferroftuids 

of water molecule. The sharp peak at ~ 1670 cm -I and a 
weak peak at ~1161 cm- I give the respective signatures 
of strong and medium -CO-OH bonding of oleic acid. The 
typical Fe-O stretching vibrations of Fe)04 are prominent 
in the lower wavenumber region, in the range 598-566 cm- I 

and 510-445 em-I. 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 nanostruetures 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]. 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 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 the 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 interactiof) 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 (!iF) is expressed as 
(jF = VHI, where V is the Verdet constant of the material, 
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Fig.5b Faraday rotation of mllh-Q water 

H IS the applied magnetic field and I IS the optical path 
length A custom-made Faraday rotatIOn set-up IS shown 
schematically m Fig 5a Tn order to calibrate our set-up us­
mg a wavelength of 632 8 nm, first we measured the FR of 
mllll-Q water taken mal cm cuvette with empty cuvette as 
reference (FIg 5b) On Imear fittmg of the curve, the Verdet 
constant of water was calculated to be 3 9 x 10-4 deg/G-cm 
and IS found to be consistent With the reported value [23] 

The FR responses of the pnstme ferroflUid measured for 
two different wavelengths (532 and 632 nm) are shown 
m Fig 5c For a given wavelength, the rotation gradu­
ally mcreases with the field and then exhibits a saturation 
trend Such a Faraday response IS qUite obVIOUS m ferroflu­
Ids [24,25] and semiconductor doped With magnetic Im­
pun ties [26] With the applicatIOn of an external field, the 
particles dispersed In a ferroflUid form cham or column 
like structures, which would otherwise exhibit mdependent 
BrOWnian motion m IsolatIOn from each other Tn the pres­
ence of a field, first the mdlvldual particles try to align them-
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Flg.5d Faraday rotation re~pon~e of pn~une and Irradiated 

selves along the field Later, these chams get aligned owmg 
to zlppenng effect and when all the chams are aligned along 
the applied field, FR reaches saturation value Consldenng 
chammg effect mto account the FR for ferroflUids can be 
expressed as [27] 

(}F = C M(H) + VHl(H) 
Ms 

(2) 

Here, C IS a constant, M (H) IS the magnetization of the 
particle at an applied field H where as Ms represents the 
saturation magnetization of the specimen and, finally, l(H) 
represents the cham length at a field H It was also been 
revealed that at a definite magnetic field the FR has a de­
pendency on the excited wavelength (Fig 5c) It may be 
noted that larger wavelength corresponds to a lower energy 
and, hence, It Will hmder the cham formatIOn only weakly 
Consequently, an eXCited light with larger wavelength would 
result m a Significant FR m companson with a light beam 
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possessing a shorter wavelength The Faraday response of 
the irradiated and pnstlne ferroflUids (working wavelength 
632 nm) IS shown tn Fig 5d. Tt was observed that the 
FR gets enhanced with the Irradiation dose Quantitatively, 
the Verdet constant, as calculated from the linear part, was 
found to Improve from 0 64 x 10-2 to 5 9 x 10-2 deglG-cm 
for pnstme ferroflUid and the one subjected to IrradiatIOn 
(dose 2635 kGy) The nmefold enhancement of FR can be 
attnbuted to the structural reorgamzatlon of the dispersed 
nanopartlcles Tn Fe304 system, 3d electromc states of Iron 
are generally responsIble for the magneto-optic effect [28] 

The cations (Fe3+ and Fe2+) are belteved to occupy the 
tetrahedral and octahedral sItes They mteract WIth the oxy­
gen localtzed states whIch are already present tn the vlcmlty 
of theIr nelghbonng envIronment The FR takes place due 
to the Intervalence charge-transfer transItIons (06 eV) be­
tween nelghbonng Fe2+ and FeH Ions [23, 29) Further, m 
nanoscale dimenSIOn, the fintte sIze effect of MNPs leads to 
tremendous change 10 the magnetIc ordenng [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 Fe2+ /Fe3+ Will 
be more m a bigger SIzed partIcle than that of a smaller 
one Tn the host lattice, Y-lrradlatlOn can cause modifica­
tIOn by annthtlattnglcreatlng pomt defects (32) The IrradI­
atIOn leads to the alteration of the total number of oxygen 
vacancy sItes of the Fe304 system which In tum Influence 
the charge transfer process Tn additIon, (2) shows that cham 
formation plays a cruCial rule m the FR of ferroflUid The ef­
fectIVe magnetic interactIOn between two magnetic nanopar­
tlCIeS can be descnbed by a coupling constant (A) given by 
[33] 

Jr/J.-ox2H2a3 
A = --'-::-:'-':--

72KflT 
(3) 

The coupltng constant IS the ratio of the maxImum magnt­
tude interactIOn energy to the thermal energy (kfi T) m the 
system Here, a IS the diameter of the MNPs and X IS the 
effectIVe susceptIbIlity of indIVIdual MNPs The favourable 
condItion for cham formatIOn of the dispersed partIcles IS 
A »1 At a speCific apphed field, the bigger partIcles are 
more prone to the chammg effect than the smaller ones 
The higher the number of cham forming capacity, the larger 
would be the FR 10 a gIven ferroflUid specimen It IS because 
of thIS that the Irradiated ferroflUids record substanttal FR m 
companson With the pnstme one 

4 Conclusion 

We have syntheSized OleiC aCId coated Fe304 based fer­

roflUid taking water as camer medIUm The prepared fer­
roflUids were Irradiated With Y-lrradlatlOn at two selected 

!:! Spnnger 
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doses of 878 Gy and 2 635 kGy The TEM and DLS stud­
Ies Illustrate partIcle growth With radIation dose The FT­
TR study ensures protective bondmg of surfactant-coated 
MNPs and the pOSSibIlIty of diSSOCiatIOn as a result of Ir­
radIatIOn was dIscarded ConsIstently WIth other reports, we 
found that the FR of our ferroftUids (both pnstme and Irra­
dIated) gradually mcrease WIth the apphed magnetic field 
and then tend to saturate The irradiatIOn effect on the 
FR IS mamfested as enhanced rotatIOn WIth dose We dS­

sign thiS enhancement With the partIcle growth, mlreased 
charge-transfer capacity and more cham-formmg capacIty 
Enhanced magneto-optiC actIvIty would find applIcatIOn In 

Faraday Isolator, rotator and dichrOiC optical components 
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Ferrotluids 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, CT AB)­
coated nanoscale gadolinium oxide (Gd20 3) based ferrofluids and then irradiated 
by gamma (y-) rays with doses in the range of 32 Gy-2.63~ kGy. 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 ofPL response. A 
proper understanding of the PL response of the irradiated nanoscale rare-earth 
oxides would lind 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 (Fe304) or, maghemite (y-Fe203) 
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 
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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 materials 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 (V) rays are energetic electromagnetic radiations like X-rays. They are the 
most energetic form of electromagnetic radiation. v-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 (Cr3+-doped gadolinium scandium gallium garnet) crystals. It was found that these 
crystals retain high threshold for laser damage up to V-ray doses of 1 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 v-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 v-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 v-irradiated RE-based ferrofluids. In this report, we highlight the synthesis 
and impact of v-radiation on the molecular vibrational features and asymmetric emission 
response of gadolinium oxide (Gd20 3)-based ferrofluids. 

2. Experimental: materials and methods 

The bulk Gd20 3 is a very stable 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 Gd20 3 powders, we have 
followed a low-cost physico-chemical route as proposed by Chen et al. (13] with little 
modification. In this method, bulk Gd20 3 is converted first into a nitrate compound 
followed by subsequent reduction to get hydroxide and oxide products. At first, 1 mmol of 
bulk Gd20 3 (99%, Otto) was added to 50 mL of double-distilled water. Then, an 
appropriate amount of HN03 (69%GR, Merck) was mixed to this solution under 
vigorous stirring until a clear solution of Gd(N03h 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 65DC 
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)3 is formed which is 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 800D C for 1 h 
till an off-white powder of Gd20 3 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 CT AB is chemically inert in ethanol. The CT AB-coated 
Gd20 3 nanoscale powder was dissolved in ethanol followed by stirring overnight which 
has resulted in a well-dispersed Gd20 3 ferrotluid. The prepared ferrotluid was then divided 
into six equal parts for carrying out irradiation experiment independently. 

The as-prepared ferrotluid was irradiated with a y-source (60Co 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 2.635 kGy. The crystal structure of the synthesised Gd20 3 

powder was first investigated by an X-ray diffractometer (XRD, Rigaku Mini Flex 200). 
Microscopic characterisation of the pristine and irradiated ferrotluid 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 
ferrotluids 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 Gd20] 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 lea) 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 Gd20 3 structure, ascertained from the prominent peaks 
of the XRD pattern (shown in Figure lb). A close look on the micrograph of the irradiated 
(dose: 2.635 kGy) sample, shown in Figure 1 (c), ensures the formation ofnanoscale 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 l(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:!03 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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(a) 
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Figure I. (a) HRTEM and (b) XRD patterns of synthesised nanoscale Gd20 3 particles and 
(c) HRTEM image of the particles of the prepared ferrofluid subjected to y-irradiation (dose: 
2.635 kGy). Inset of (a) is the (0 0 3) plane and inset of (c) is the SA ED image. 

Figure 2 depicts the FT-IR spectra of the ferrofluids that were irradiated with different 
doses. The conventional peaks appearing at ",3403 and 2400cm- 1 represent the respective 
signatures of O-H stretching and C-O stretching of atmospheric water and CO2 

molecules. In the case of ethanol, bending modes of CH3 and CH2 occur at "'-' 1392 and 
1452cm- ' , respectively; whereas CH2, CH3, 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) 2.635 kGy. 

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

Peak position (cm-I) 

2980 

1550 
1384--1392 
1452-1469 
1058 
536 

Assigned mode 

C-CH3 asymmetric stretching and N-CH, 
symmetric stretching of CTAB 

-CHr and -CHJ stretching of CTAB 
CH 3 vibration of ethanol 
CH2 vibration of ethanol 
C-O vibration of ethanol 
In-plane Gd-O vibration 

oQservable at '"'-'2910, 2975,1060 and 3679cm- 1 [15]. The weak band at 2980cm-1 and the 
sharp band at 1550cm- 1 indicate the presence of CTAB in the samples [16]. Different 
peaks that are assigned to various components of Gd20 r 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 ferro fluid) is less reactive in y-radiation [17]. But the nanopartic1e-dispersed ethanol is 
characterised by an appreciable modification in the characteristic peaks observable at 1058 
and 1459-1469 em-I. . 

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 
(A.ex = 270 nm) of unirradiated and irradiated ferro fluids are shown in Figure 3(A). 
The unirradiated ferrofluid has recorded an asymmetrically broadened spectrum peaking 
at ........ 355 nm. Earlier reports have suggested that this peak can be attributed to 
6P7/2 # 8S 7/2 transitions of Gd(III) [18]. Also the observed asymmetry in the PL response 
(pristine sample) is assigned to the existence of surface defects on the nanoscale Gd20 3 

crystallites. In the pristine sample, the defect-related transition is very weak. 
Consequently, the overal1 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 
390 nm (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 ........ 355 nm is band-to-band (6p7/2 # sS7j2) emission. 
The second peak is recognised as a defect-related peak and located at ........ 410 nm, for all the 
irradiated ferrotluid 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 (SJ0 is related to the defect emission process 
whereas left symmetry (Sd is associated with the band-to-band emission. Here, right 
symmetry factor is defined by OI.M - AR)/IlA with AM representing peak-wavelength 
corresponding to the main peak, AR is the wavelength on the right-hand side of the full 
width at half maxima (FWHM) and IlA = AR - AL, AL 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 Gd20 3 ferronuids 
with doses (a) 32 Gy, (b) 97 Gy, (c) 292 Gy, (d) 878 Gy and (e) 2.635 kGy. (B) (a)-(e) representing 
respective deconvolution of individual PL peaks of the irradiated samples. 

symmetry factor as well as relative intensity (hi I, h being the intensity of the defect 
emission after deconvolution and I 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 II/I (I, is the intensity of the deconvoluted 
band-to-band emission) and relative symmetry factor SL/S (SL 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 /2// ratio. At the highest dose (2.635 kGy), we 
notice further reduction of /2/J. The relative symmetry factor (SR/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, anti sites, etc. 
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4. Conclusions 

We have synthesised RE oxide (Gd20 3)-based ferrofluid taking ethanol as carrier fluid 
and CT AB as surfactant for coating the nanoparticles. The as-prepared ferrofluid was 
irradiated with five different doses of y-radiation starting from 32 Gy to 2.635 kGy. 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 mduced optical activIty (such as Faraday rotation and 
linear dIchrOIsm) of pnstme and gamma-IrradIated gadollmum oXIde (Gd20 3) nanopartlcle-based 
ferroflUlds The terrofllllds were produced by dlspersmg N-cetyl-N,N,N-tnmethyl ammoOlum 
bromIde (CfAB)-coated ~9-nm-slzed Gd20 1 P'lrtlcle~ 10 a C,lIl1er fllIId of eth,tnol The ferroflUld~ 
were then IrradIated wIth 1 25 MeV energetic gamma rays (dose R6R Gy and 2 635 kGy) Irradlatlon­
led formatIOn of a number of pomt defects was revealed through hIgh resolution electron mIcroscopy 
The mteractlOn of light wIth the IOmzed pOint defects IS believed to have caused substantial 
Improvement In the magneto-optlt re~pon~e of IrradIated magnetIc flUld~ © 2012 Amenwn Illslllule 
of Phy~lt ~ [dOl \0 \063/1 36R2765] 

I. INmODUCTION 

Among various kmds of nanostructured systems, dlsper­
~Ion of magnetIc nanoparl1cle~ (MNP~) III a camer flUId I~ 

consIdered as one of the most promlsmg areas of mvestlga­
tlOn, both from the pomt of vIew of fundamental understand-
109 as well a~ applted re~earch Ferrofllllds (FF) are ba~lcally 
stable suspensIOn of MNPs (e g , Fe30~, CoFe204, Gd20 3) 1-3 
10 ~elect camer flUld~, ~uch as water, 011, ethanol, etc To 
prevent agglomeratIOn, the MNPs are generally coated wIth 
surfactants of eIther anlomc or catIOnIC types 4 ~ The FF, pop­
uldrly cJlled magnetIc flUIds have a wIde range of potentldl 
application that mcludes drug targetlng,6 seallng,7 shleldmg,R 
and optical IImltmg9 devlce~ Further, FF~ find a promment 
role 10 the aIrcraft mdustry and technology aSSOCiated wIth 
space applicatIOns Compared to other nanoscale systems 
(Cd, Th, Hg, etc), rare-earth (RE) oXIdes were found to be 
less tOXIC 10 Owmg to hIgher chemIcal and envIronmental sta­
bIlity over conventIOnal FF, RE oXIde nanostructure-based 
FF can emerge as an alternative candIdate for use, partIcularly 
when stabIlity IS a major concern Very recently, we have 
found that radIation could result 10 partIcle-aggregation 10 the 
case of the Fe104 nanosystem, I I whereas no partlcle­
coalescence was observed for the nanoscale Gd20 3 system 1 

Earlier, It was known that, wIth the application of 
an eXlernal field, MNP~ or Ihelr moment~ onenl along the 
dIrectIOn of the field The nature of onentatlOn I~ largely 
dependent on the SIte of the MNPs a~ well a~ on the field 
strength Consequently, anisotropy would bUIld up 10 the 
magnetically mduced optIcal absorptIOn of the FF, glvmg 
nse to onentatlOnal bIrefringence or dIchrOIsm 1211 Numer­
ous reports were also available 10 the literature WIth regard 
to the magneto-optiC response of magnetlte- and femte­
based FFs 91213 However, there eXists hardly any report that 

., Author to whom corre<pondence ,hould be dddre."ed electroniC md,l 
be.<t@tezu ernet on rdX +91 3712267005 

hlghltghts magneto-optiC features of nanoscale RE oxtde­
based FFs 

In thIS work, we present the results of magneto-optIc 
charactenstlcs of novel FFs, whIch were based on pn~tlne 
and gamma-Irradtated Gd20 1 nanoscale systems EssentIally, 
the nature of Faraday rotation (FR) and linear dIchrOIsm 
(LD) IS dIscussed 10 conjunctIon WIth the )'-lrradlatlOn expo­
sure and defect manifestatIOn 

II. EXPERIMENTAL DETAILS 

RE OXIde matenals are very stable agamst hlgh­
temperature, hIgh-pressure, and envIronmental degeneration 
That IS why syntheSIS of nanoscale RE OXIdes IS extremely 
difficult followmg the top-down approach The nano-~Ited 
Gd20 1 powders were syntheSIzed by adopting a low-cost, 
two-step phYSIco-chemIcal route reported elsewhere l4 and 
introdUCing partial modIfication to II In thIS method, bull. 
gadolIlllllm OXIde I~ fir~t converted to gadolIlllllm nHrate 
[Gd(N03hl, followed by subsequent reduction to YIeld hy­
droXIde and OXIde products At first I mrnol of bull. Gd:!03 
(99%, Otto) was added to 50 mL of double-dIstilled water 
Then, an appropnate dmount (~2 5 mL) of HN03 (69% 
GR, Merck) was mIxed to thIS solution under vIgorous stlr­
nng (~250 rpm) until a clear solution of Gd(N01h was 
obtained The solutIOn was then diluted to 100 mL 10 a volu­
metnc COlli cal nasI., and, subsequently, 13 g of N-Cetyl­
N,N,N-tflmethylammonlUm bromIde (CTAB) was added at 
65°C, whIch has resulted 10 a yellow-colored precursor On 
cooling down to room temperature, 10 mL of freshly pre­
pared 0006 M aqueous NaOH was transferred all at once 
Consequently, a whIte precIpitate of Gd(OHh IS formed, 
which IS then subjected to vIgorous sumng (30 mm) dnd 
centnfugatlOn (30 m1l1) Tn order to obta1l1 the fine~t quality 
preCIpItate, the as-receIved product was subjected to repeJted 
wash 109 WIth hot dIstilled water and centflfugatlOn Later, 
the whIte precIpItate was dned 111 aIr and smtered at ROO°C 
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for I h, so as to obtaIn an off-whIte product of Gd~03 
nanopowder . 

Tn order to prepare a FF system, surfactant-coated par­
tlCIe~ need to be dIspersed In a carner flUId Since CTAB I~ 

chemIcally Inert In ethanol, we preferred to choo~e ethanol 
as the carner medIUm The CT A B-coated Gd20 1 nanoscale 
paJtlcle~ were fir~t tran~ferred to ethanol medIUm, and, In 
order to achIeve Uniform dIspersIOn, the sample was fol­
lowed by stIrrIng overnIght The prepared FF was then dI­
VIded Into three equal parts for carryIng out an Independent 
IrradIatIOn expenment The as-prepared FF was irradIated 
wIth a y-source (MCO chamber) that IS capable of emIttIng 
photons wIth an average energy of I 25 Me V and at a dose 
rate of I !! Gy/s Two doses of !!6!! Gy and 2635 kGy were 
selected for the IrradIatIOn studIes MIcroscoPIc charactenza­
tlOn of the pnstIne and IrradIated FF was performed by hIgh­
resolution transmISSIOn electron mIcroscopy (HRTEM, FET, 
Tecnal S-tWIn) operating at an acceleratIng voltage of 200 
kV For thIs purpose, the specImen was sOnicated properly 
and then a mlcrodrop was placed gently on a carbon-coated 
copper gnd (no of meshes 400 cm-2) 

Magneto-optIc propertIes were explored uSing a mono­
chromatic laser source, an electromagnet, d set of polanzer 
and analyzer, a sample cuvette, and photodetector 

III. RESULTS AND DISCUSSION 

The details of morphologIcal and magneto-optic charac­
tenstlcs are as dIscussed below 

A. Structural and microscopic analysis 

The structurdl and morphologIcal aspects of the synthe­
SIzed nanoscale Gd20 1 were assessed by HRTEM, and the 
Images of whIch are shown In FIg I The average sIze of the 
nanopartlcles, as revealed from the mIcrograph, IS ~9 nm 
The partIcles are found to be nearly sphencal with dIstinct 
lattice planes and an Interplanar spacIng of ~O 2R nm 
(FIg l(a» The predIcted value of the Interplanar spacIng 
corresponds to the separatIOn of (0 0 3) planes of the mono­
cliniC Gd20 1 structure and also ascertained from the promI­
nent peaks of the XRD pattern (not shown) FIgure I (b) 
represents the HRTEM Image of the IrradIated (dose 2635 
kGy) sample Formation of nanoscale defects can be edslly 
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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 (vacdncles) or dlSloCd­
tlons For Instance, the eVIdence of POInt defect and dIsloca­
tions IS shown by solid and open arrows, respectively The 
Inset of FIg 1 (b) represents the selected drea electron dIf­
fractIOn (SAED) pattern of the IrradIated specImen Dlffllsed 
but dIstIngUIshable nngs were Indexed as (0 0 3), (2 0 3), 
and (3 I 3), whIch are found to conform WIth the XRD pdt­
terns of monocllOlc Gd20 3 1'\ The absence of sharp, bright 
nngs Implies that the specImen IS mostly polycrystallIne In 
nature 

B. Magneto-optic activity and Faraday rotation 

FIgure 2 depIcts d scheme of Faraday rotatIon (FR) med­
surement setup The magneto-optiC setup was compnsIng of 
a la~er ~ource (L), a polarizer (P), a set of mlrror~ fixed ,It 
45° (M I and M2), a ~ample cell (S) placed between the poles 
of an electromagnet, dn analyzer (A), a detector (D), a power 
meter, and d dIgital Gauss meter A beam of unpoldn£ed 
light (obtaIned from a 5 mW laser source) IS focused by a 
plano-convex lens pnor to gettIng polan£ed while makIng Its 
way through the polanzer The linearly polarized light I~ 

then allowed to traverse through a 10 mm sample cell placed 
withIn the poles of an electromagnet The field sllength W..t~ 
mea~ured by means of a quality TnAs Hdll probe WIth the 
InhomogeneIty of the field dlstnbullon over the optIcal p.llh 
length (the specImen cell) estimated to be less than I % The 
field was vaned wllhm 0-700 G The an,llyzel was ~et at ,Ill 

angle of 45° with respect to the polanzer Thus, an apprecI­
able change In the IntensIty of light due to onentallon 01 the 
plane of polanzallon caused by the optical dCtlVlty of the 
sample could be recorded The IntensIties of the transmitted 
hght were mea~ured at zero and dIfferent magnellc field 
strengths The FR was estImated by the dmount of rotdtlOn 
the analy£er requIred to compensate the IntensIty of the £ero­
field case 

The FR deals WIth the rotation of a plane polanzed light 
due to the field-Induced bIrefringence In the matenal when 
the dIrection of light propagatIOn IS Pdrallel to the applied 
magnetIc field 16 ClaSSIcally, for a Uniform dIsperSIOn of ~In­
gle domaIn ferromagnetIc partIcles, the FR IS gIven byl? 

FIG I (Color onlme) HRTEM IIndge of (d) pmllnc 
dnd (b) Irrddldled Gd,O, ndllopdrtlcie\ (do\e 2615 
kGy) l",cl of (b) " Ihe SACD IIndge 
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FIG 2 (Color onlme) Block dldgram of mdgnelo-opllc ""I-UP L Id,er. P 
poldnzer. M .. M 2• MJ mIITO'-. S 'dmple. A dndlyzer.D pholodeleclor 

0= C{M/M,) (I) 

where 0 I~ the FR at magnellc field lhal glve~ magnelllallOn 
M, whereas M, IS the saturation magnetizatIOn Here, C IS a 
proportIOnality constant which depends on the nature of the 
system under mvestlgatlon 

With the applicatIOn of an e>.temal magnetic field, parti­
cle dispersIOn gets affected, owmg to agglomeratIOn and 
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ch,lIn fomldtlon <llong the direction of the held Takmg mto 
conSideratIOn quantum treatment, Which dccounts tor the 
cham formatIOn, Eq (I) can be rewntten as 

0= VHI, (2a) 

where V IS the Verdet constant, I IS the optical path length, 
and H I~ the applied mdgnetlc flux demlty For Irr<ldldted 
samples, manifestation 10 the optical path length may occur, 
owmg to the formatIOn of defects, and Eq (2a) then be re­
expressed 10 differential form, 

do' 
dH = V{I + (1), (2b) 

with {)/ bemg vanatlon In the optical length Note that our 
samplcs are magnctlc flUids of surfactant (CTAB)-coated 
Gd20, nanopartlcles that are suspended III a carner flUid 
Figure 3(a) shows the FR response of pnstme (Go) and 
gamma-Irradiated (G I R6R Gy, G2 2635 kGy) samples The 
figule m,ct depict, the FR rc,pon,e ot ,peclmcn Go While 
usmg a 532 and 632 R nm laser source As the FR hds eXhib­
Ited better sensItivity for A. = 632 R nm, the source was con­
Sidered for further experiments It was al~o revedled earlier 
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thdl, for a finite field, the FR has" wdvelength dependency 
with the sUppositIOn that longer wavelength (low energy) 
would hmder the cham formatIOn weakly II The calibration 
and measurements were made as per the procedure reported 
elsewhere 18 Effectively, the results are characten.led by a 
monotonic mcrease of 0, wllh the field followed by a ~atura_ 
tlOn trend m the region of higher field ~trenglh In the pre~­
ence of an external field, the magnetic, moment~ of the 
MNP~ m Ihe flUid tend to orient along the field direction, 
formmg, thereby, long chams through dipole-dipole mterac­
tlOn As the mteractlOn energy IS a functIOn of magnetization, 
which has a saturation trend at higher field~, the cham forn1a­
tlOn also tends to saturate Earlier, the cham length Was 
shown to be correlated with the FR 19 

For gamma-Irradiated FF samples, a substantial Improve­
rm:nt Df Jbr FR • .ao he frutnD, .a.~ £vwnt fmm 1bt- pints l;ho'Yn 
m Fig 3(a) Tn reference to Go and G" the response of the 
specImen G2 has revealed that the saturatIOn trend could be 
realized at a relatively higher magnetic field In other wor<l~, 
saturation magnetizatIOn has not yet been reached and so IS 
the case for cham formation PrevIOus works also demonstrate 
that, without saturatIOn of a particular length of cham, a new 
cham length would not be formed 19 Smce RE oXides are very 

stable agamst )'-radlatlOn, the observed variation m the FR C<ln 
be correlated with the mterplay of pomt defects/vacanCl(~s 
Defects, like oxygen vacanCies, are very common m oXide 
compounds Tn fact, the creation of a large number of free 
electrons by the energetic )I-rays can take part m the defect 
formatIOn It wa~ reported that ethanol (the carner flUid at OUr 
FF) IS less reactive under )I-radiatIOn 20 Tn order to evaluate 

the correspondmg effect of radiation on the FF contamll)g 
nanoscale Gd20 1, we have used Eq (2) The results of mdl­
Vidual cases are shown m Fig 3(b), and the hnear fittmg of 
each of the cases gives the manifested optical length 01 
The estimated values for G I and Gz specimens are 004 al)d 
o 132 cm, respectively As radlatlOn-mduced pomt defects are 
charged/IOnized ones, the mCldent light would experienCe 
larger path length~ durmg It~ pa~~age under the applied field 

C. Magneto-optic response and dichroism 

Lmear m"gneto-optlc dichroism IS defined m term~ of 
the preferential absorption by the matenal of linearly polar­
Ized light along parallel and perpendicular directions of the 
applied magnetic field Thl~ polarizatIOn predilectIOn differ­
entiates dichrOIsm from general absorptIOn and very oft~n 
relates to the alignment of anisotropIc structural elements 21 

The Imear dichrOIsm (LD) was measured usmg the salT)e 
setup as used for the FR measurements, but With dlfferellt 
wntlguratlOn Mea~urement~ were made wllh the plan~_ 
polan zed light parallel and perpendicular to the applied ma~­
netic held and corre~pondmg value~ of parallel and perpet)­
dlcular dlchrOlsms, Mil and Mol, are defined a~ the chang<:~ 
m the absorbance of the sample caused by turnmg on the 
magnetic field We wrlte21 

(3b) 
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where III and Iol depict transmitted light mtenSltles m the 
directIOn parallel and perpendicular to the magnetIc field ,1I1d 
10 IS the mtenSlty of the mCldent light when It was turned off 
The dichrOIsm IS also the difference m the extmctlon mdlces 
kol and kll Expressmg transmitted light mtenslty m term~ of 
extmctlOn mdlces,21 

III = I"all = 10 exp[-(4n) Iklll A.], (4a) 

lol=l"aol=/oexp[-(4n)lkol/A.1 (4b) 

Here, all and aol are respective transmlS~lon coeffiCients of 
the FF m the dlrecllon pardllel and perpendlc.ular to the field 
directIOn, A. IS the wavelength of the mCldent light, and I IS 
the thickness of the sample The orientatIOn 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 "pplled external field, H, and, hence, the onenta­
tlon energy IS given by 

U=mHLo~O (5) 

In the m"gnctlc flllld, thc chdm fornldtlon occurs whc,n orlen­
tallon energy overcomes the thermal energy (kfIT) Both 
Neel-type and BroWnian-type relaxation responses are at 
work 17 The differential absorption (for both parallel and 
perpendicular polanzed light) With respcct to the applied 
magnetic field IS depicted m Fig 4 The flUids exhibit the 
exact mtnnslc dichrOIsm as reported earlier, 11 ~ I 

(6) 

Figure 4(a) repre~enh the field-dependent LD spectra of the 
prlstme and Y-Irradlated specimens Typically, the absorb­
ance of light parallel to the applied magnel1C field mcred5es, 
while, along the perpendicular polanzatlOn direction, It has a 
decreasmg trend The differential absorptIOn mcreases With 
the applied magnetic field, whIle flUid follows the Langevll1-
type behaVIOr Without pre-exlstmg aggregates 22 The anisot­

ropy v'lnl~hc~ rapidly a~ ~oon a~ thc field I~ removcd A~ RE 
OXides are very stable agamst radiation, dcfects have been 
creatcd Wlthoul any ~tructural modIfication For Y-Irradlated 
speCImen, there eXIsts a notIceable change (about 10% for 
Gz than Go) m the absorbance along the parallel polanzatlon 
dIrection as compared to Its counterpart This could be attnb­
uted to the collective role of the pomt defects 111 field­
mduced one-dimensIOnal chams 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 Gd20 r based FFs 
will be promlsmg, while dC~lgnmg tkld-mduccd tr.ln~ILnt 

optical rotators and other such components where the mter­
action of the partlcle~ With the applied field play~ d domll1dnt 
role over the mter-partlcle mteractlOn 

IV. CONCLUSION 

Magneto-optIc features of the un-irradIated and )'-Irradl­
ated Gd20 3 nanostructure-based FFs have been demon­
strated The HRTEM Images of the Y-Irradlated (2635 kGy) 
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FIG 4 (Color onlone) (d) LO re.<pon~e of pmune dnd y-'rrad,dled <dmple 
u<ong 612 8 nm laBer, and (b) Ihe d,fferenl,al chdnge of LO w,lh Ihe dPphed 
field 

specimen has shown the eVIdence of pOint defects and dIslo­
catIOns mostly along the gram boundanes Magneto-optIc 
charactenstJcs have exhIbited an enhanced FR In the case of 
use of 632 11 nm laser light, and the effectIve optIcal length 
was found to be Increased With the creation of pomt defects. 
The LD spectral response, though, gives SImIlar trend for 
pnstme and Irradiated samples, the absorbance along the par­
allel directIOn IS suppressed for the later cases lnterrelatmg 
the number of chams and defects With the ryplcal magnitude 
of optical activity would find scope m magneto-opllC and 
nonlmear optical elements 
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