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Abstract

In this work, the optical properties of Fe3O4@Ag core/shell spherical nanostructures

embedded in a dielectric host matrix are investigated theoretically. The theoretical

analysis is carried out based on the electrostatic approximation and Maxwell-Garnet

effective medium theory to obtain the effective electric permittivity and magnetic

permeability, electric polarizability, refractive index, absorbance, as well as the corre-

sponding scattering and absorption cross-sections. Moreover, for a fixed size of NPs

(of radius r2 = 30 nm) numerical analysis is carried out to see the effect of varying

the metal fraction (β), the filling fraction (f), and the permittivity (εh) of the host

matrix on the optical properties of the nanostructures. The results show that graphs

of real and imaginary parts of polarizability, refractive index, absorbance, extinction

cross-sections as a function of wavelength possess two sets of resonance peaks in the

UV and visible regions. These sets of peaks arise due to the strong couplings of the

surface plasmon oscillations of silver with the semiconductor/dielectric at the inner

(Fe3O4/Ag) and outer (Ag/host) interfaces. Moreover, the two set of resonance peaks

are found to be enhanced with an increase of β, f , or εh; keeping two of these param-

eters constant at a time. On the other hand for the case of absorption and extinction

cross-sections, as β increases, the absorption and scattering cross-sections are blue-

shifted in the first peak and red shifted in the second set of peaks. Similarly, as εh

increases or as β decreases, the sets of resonance peaks for extinction cross-section get

enhanced. The results obtained might be utilized in a variety of applications that are

designed to integrate plasmonic effects of noble metals with magnetic semiconductors

in a core/shell nanostructure ranging from UV to Visible spectral regions.

x
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Chapter 1

Introduction

Nanomaterials have attracted a lot of attention in recent years, on account of their dis-

tinct electrical, magnetic, and optoelectronic characteristics as well as their many uses

in novel nano-devices [1]. In everyday life as well as research, the terms ”nanotechnol-

ogy,” ”nanoscience,” and ”nanomaterials” are now widely used. When nanoparticles

and nanostructures formed in the first meteorites following the big bang, the history

of nanomaterials (NMs) officially began. Afterwards nature produced a vast array of

additional nanoparticles and nanostructures. Compared to the same chemical sub-

stances in a larger size, NMs can display distinct optical, mechanical, magnetic, and

conductive properties. Gaining more insight into the characteristics of NM opens the

door to the possibility of creating novel materials in the future, which could raise

standards of living. NMs are finding their way into the market, starting to function

as commodities, and finding their way into a variety of cutting-edge technological ap-

plications and goods, including a broad spectrum of consumer goods. However, the

different types of NMs (i.e., organic, inorganic, carbon, and composite based NMs)

exhibit distinct physical, chemical, and biological properties, which can be harnessed

for specific applications [2].

1
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There are numerous instances of ancient artifacts using nanocomposites. A stun-

ning example was the Lycurgus cup (Fig. 1.1), a glass that changes color when light

passes through it and was created by the Romans in AD 400. The glass’s composition

is Au/Ag alloyed nanoparticles, which are arranged to give the appearance of green

when reflected light strikes the cup, but expose a vivid red when light passes through

it.

Figure 1.1: An example of the application of nanotechnology in antiquity is the
Lycurgus cup, Placed in the British Museum in London[2].

understanding light matter Interaction reveals novel optical phenomena which are

prerequisites for indicating unrivalled optical properties of these materials. The linear

and nonlinear optical response of metal nanoparticles is specified by oscillations of

the surface electrons in the Coulomb potential formed by the positively charged ionic

core. This type of excitation is called the Surface Plasmon (SP). In 1908 Mie pro-

posed a solution of Maxwell equations for spherical particles interacting with plane
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electromagnetic waves, which explains the origin of surface plasmon resonance (SPR)

in the extinction spectra and colouration of metal colloids. During the last century

optical properties of nanoparticles have extensively been studied and metal-dielectric

nanocomposites have found various applications in different fields of science and tech-

nology [3] -[5]. Since the optical properties of metal nanoparticles are governed by

SPR, they are strongly dependent on the nanoparticles size, shape, concentration

and spatial distribution as well as on the properties of the surrounding matrix. Con-

trol over these parameters enables such metal dielectric nanocomposites to become

promising media for development of novel non-linear materials, nanodevices and op-

tical elements [6]-[8]

Nanoparticles have a great importance in present and future potential technology,

mainly in structures and devices with physical, chemical and biological properties

increased or created from those of the bulk materials [9]. Semiconductor nanostruc-

tured materials are significantly cherished because they can link the gap between small

molecules and bulk materials. The nanostructured materials show distinct optical and

electronic properties when their size varies in the range of 1− 100 nm with the varia-

tion of dimension and their density of states can be classified as (1) two-dimensional,

e.g., nano-sheets or thin films or quantum wells; (2) one-dimensional, e.g., quantum

wires; and (3) zero-dimensional, e.g., quantum dots as shown Fig. 1.2[10].

It is well known that decreasing of materials size to the nanometer scale, such

as nanotubes, nanorods, and nanowires, have attracted considerable attention due

to their unique and extraordinary physical properties, shape, polarization direction

of incident light and surrounding medium-dependent of the dielectric function of the

host matrix. The nanometer-sized magnetite (Fe3O4) is one of the ferromagnetic
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Figure 1.2: Schematic representation of density of states: (a) 0-dimension (0-D), (b)
1- dimension (1-D), (c) 2-dimension (2-D) and (d) 3-dimension(3-D)[10].

materials that have been widely used as functional materials due to very attractive

magneto-optical (MO) properties [9].

Magnetite (Fe3O4) nanoparticles, in particular, are attractive because of their

high magnetic moment, nontoxic nature, and ease of synthesis. Magnetic iron oxide

nanoparticles have recently become the focus of a considerable amount of research

activities and have potential application in several areas, both in vivo and in vitro,

as cell separation, immunoassay, immunomagnetic array, magnetic recording mate-

rial such as audio and videotape, and high-density digital recording disks (magnetic

storage), magnetic resonance contrast agent, magnetic ink printing and microwave

absorption. Magnetic nanoparticles (MNPs) Fe3O4 are drawing increased attention



5

due to their remarkable physical properties and their applications in various fields,

not only in the field of biomedical care, but also as the alternating current hyper-

thermia, being considered one of the most promising techniques for cancer treatment,

electrical energy storage and magnetic resonance imaging [10, 9], drug delivery [11, 12]

gene therapy, and in environmental protection. In addition to their magnetic proper-

ties, the biomedical applicability of nanoscale magnetite particles is dependent upon

their stability against aggregation in physiological environments, and the ability to

predictably functionalize the particle surface for specific biomolecule interactions. Be-

cause of their large surface area to volume ratio and low surface charge at neutral pH,

magnetite nanoparticles tend to aggregate in physiological environments, magneto-

optics devices, sensors, catalysis, magnetic sensing and high frequency applications

[13]-[15].

Magnetite constitutes the most abundant magnetic mineral in the Earths crust.

Magnetite (Fe3O4) nanoparticles have attracted an increasing interest in the fields

of nanoscience and nanotechnology because of the unique and novel physiochemical

properties that can be attained according to their particle size (quantum size effect),

shape morphology, and engineering form (films or selfassembled nanocrystals and

ferrofluids) [16]. Magnetite is a mixed valence iron oxide, Fe3O4, with cubic inverse

spinel structure (see Fig. 1.3) at room temperature is a prototype ferrimagnetic

system that still attracts considerable attention mainly due to the presence of the

so-called Verwey transition a structural phase transition accompanied by substantial

changes of magnetic and electrical properties [17].

Metal nanoparticles have fascinated scientists for over a century and are the fo-

cus of interest because of their huge potential in nanotechnology. Nowadays, several
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Figure 1.3: Schematic representation of: The cubic crystal structure of the inverse
spinel Fe3O4,[18].

synthesis techniques are being developed so as to modify these properties. The metal

nanoparticles show good compatibility, catalytic behavior, and surface enhanced Ra-

man activity. Noble metal nanoparticles in general and their gold and silver ana-

logue, in particular, attract huge research interest owing to their fabulous properties

(electrical and optical) and diversity of applications including fluorescence imaging,

biomedical applications and bio-engineering. Mankind has been ensnared by noble

metals (gold and silver) since prehistoric times and applications of their nanoparti-

cles have attracted attention for the last millennia, although understanding many of

the phenomena at the nanoscale is very recent. Nanoscale analogues are being ex-

plored due to their unusual functional attributes quite unlike the bulk. As research

in this area moves forward in nanomaterials, scientists are discovering novel appli-

cation possibilities. Tunability of nanoparticle properties is possible by varying size,
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shape, composition or local environment present in them. By manipulating the chem-

ical composition of materials at the nanoscale, their chemical, optical, electrical and

other properties can be tailored precisely, which makes them ideal from an applica-

tion point of view. Noble metal nanoparticles have large optical field enhancement

resulting in strong scattering and absorption of light. The enhancement of the opti-

cal properties of noble metal nanoparticles arises due to resonant oscillations of their

free electrons in the presence of light and this is known as localized surface plasmon

resonance [LSPR] [19].

Noble metals of silver (Ag), gold (Au), and Copper (Cu) exhibit a special of the

surface plasmon (SP) in the near ultraviolet (UV) to near infrared (NR) regions of the

electromagnetic (EM) waves. SP is EM waves that are trapped on the surface because

of their interaction with the free electrons of the metal. It can be either propagating

called surface plasmon polaritons (SPPs) or propagating surface plasmons, in the

planar bulk metal surface or localized surface Plasmon (LSP), in the case of NPs.

At certainly excited photon energy, the collective oscillations of this electron interact

with the incident photon; result in a maximum light absorption. This phenomenon

is defined as localized surface plasmon resonance (LSPR). The property of LSPR

produces the strong EM field enhancement in the vicinity of the metal nanoparticle.

Therefore, there are many emerging applications utilizing these NPs, depending on

the relative contribution of extinction, absorption, and scattering. For example in

biomedical application, the LSPRs must be tuned to infrared region (IR) of the EM

spectrum. Large scattering due to noble metal NPs can be used to increase the optical

efficiency of the photovoltaic (PV) devices. Large EM field enhancement around

the surface of noble metal NPs is used for surface enhanced raman spectroscopy
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(SERS), and another application is plasmonic sensing. The LSPRs can be varied

over the wide region of the EM spectrum; therefore, the wavelength can be tuned

to obtain the required LSPR wavelength. There are several factors such as noble

metal type, particle shape, particle size, the dielectric properties of the host medium,

and composition of the NPs that can be optimized for obtaining this wavelength. By

combining the individual metals, the LSPR can also be enhanced and tuned in a large

region of the EM spectrum for a particular application [20].

Optical properties of metal NPs are especially important when specific applica-

tions are studied. In a top−down approach, these properties can be described by their

bulk dielectric function (ε), which may be represented as the sum of two terms: one

corresponding to the contribution of free electrons based on the metal Drude model

(intraband transitions) and the other corresponding to bound electrons (interband

transitions (see Fig. 1.4).

As a result of the characteristics of this approach, the influence of each contribu-

tion depends on wavelength: for sufficiently large wavelengths (small photon energies),

free-electron contribution dominates, while for smaller wavelengths (large photon en-

ergies), bound-electron contribution is more important. It is well known that the

Drude model assumes that an incoming electromagnetic wave of frequency ω forces

damped oscillations of the essentially free metal electrons, with a damping constant

γfree. The model involves a typical frequency (plasma frequency ωp) above which the

metal reflectivity decreases. To get an approximate expression for the Drude dielectric

function, the condition ω � γfree is often used. The size-dependent dielectric func-

tion is analyzed in the 50− 3 nm NPs size range, comparing the real and imaginary

parts of the experimental dielectric function with the calculated values. Below 3 nm
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Figure 1.4: Interband and intraband transitions for quantum wells, quantum wires
(left) and quantum dots (right). The diagrams show a scheme of the band/level
structure [21].

size, the influence of bound electron contribution on the complex dielectric function

is analyzed [22].

The unique characteristics of noble metal NPs, such as high surface-to-volume

ratio, broad optical properties, ease of synthesis, and facile surface chemistry and

functionalization hold pledge in the clinical field for cancer therapeutics. Noble metal

NPs (e.g., gold, silver, or a combination of both) present highly tunable optical prop-

erties, which can be easily tuned to desirable wavelengths according to their shape

(e.g., nanoparticles, nanoshells, nanorods, etc.), size (e.g., 1 to 100 nm), and composi-

tion (e.g., core/shell or alloy noble metals), enabling their imaging and photothermal

applications under native tissue. Moreover, they can efficiently convert light or radio-

frequencies into heat, thus enabling thermal ablation of targeted cancer cells [23].
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Combining multiple materials in single nanoparticles has gained much attention in

recent years due to the additional functionalities not exhibited in particles of individ-

ual materials. The combination of different materials allows to make completely new

composite materials with a wide range of functional properties: mechanical, chemi-

cal, electrical, magnetic, optical and many others. Spherical nanoparticles fabricated

from noble metals, such as silver (Ag), gold (Au), and semiconductor materials are

a few examples of such composite NPs. They can exhibit extraordinary physical and

chemical properties, which find a wide range of applications in nanotechnology. Al-

ternatively, noble metals NPs embedded in a dielectric matrix exhibit extraordinary

optical resonance, called localized surface plasmon resonance (LSPR). This is due

to the collective oscillations of their free electrons with respect to a fixed lattice of

positive ions when impinged upon by a light wave. However, these pure metals have

some limitations related to high dissipative losses, leading to a large absorption and

unwanted heating effects. The interplay between fluorescence and the plasmonic ef-

fect reportedly have significant potential for enhancement of solar cell efficiency. In

biomedicine, this system can be used for drug delivery and cancer therapy [24].

The core-shell nanomaterials and nanostructures have become an important re-

search area since few decades due to their potential applications in various fields like

catalysts, industrial and biomedical applications, like molecular bioimaging, drug de-

livery, cancer therapy and so forth. The core-shell nanocomposites and nanostructure

may be with different sizes and different shapes of core and shell thickness with dif-

ferent surface morphology. They may be spherical (see Fig. 1.5), centric, eccentric,

star-like, or tubular in shape. Depending on the size and shape, their properties
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tune from material to another. Whenever the surface of the nanoparticles is modi-

fied by functional groups or molecules or coated with a thin layer of other materials

(with different constituents), they show enhanced properties compared to the non-

functionalized uncoated particles. There are different types of core-shell structure,

like metal-core and different metal shell, metal-core and nonmetal shell, metal-core

and polymer shell, nonmetal-core and nonmetal shell, polymer-core and nonmetal

shell and polymer-core and polymer shell where the two polymers are different. For

these six categories, the core and the shell materials may be reversed. Below is the

schematic of core-shell nanoparticles. Recently, much attention has been focused on

core shell metal nanoparticles based on gold, platinum, and palladium because their

properties markedly differ from their bulk. These metal core-shell nanoparticles ex-

hibit size induced quantum-size effects (i.e., electron confinement and surface effect)

and can be exploited for a number of advanced functional applications as sensors,

electronics, optoelectronics and catalysis. [25].
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Figure 1.5: Schematic of a core-shell nanoparticle.

Magneto plasmonic nanomaterials like magnetite and silver attracts our attention

towards their unique, unusual, interesting and extraordinary physical, optical, mag-

netic and optoelectronic properties that can differ significantly from the properties

exhibited by the same bulk material. By carefully controlling the size, shape and

surface functionality of nanoparticles, a wide range of optical, properties can be gen-

erated with many useful applications. An optical response in a nanomaterial can be

created through several different mechanisms, depending on the nanomaterial size,

composition and arrangement.

Metallic nanoparticles exhibiting localized surface plasmon resonances can show

strong optical resonance for visible and near-infrared (NIR) wavelengths. Noble metal

NPs have received considerable interest during the last few decades in the field of

plasmonic, material sciences and biomedicine, due to their unique and intense optical,

electronic, catalytic and tunable plasmonic properties. Noble metals like Au and
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Ag can be treated as free-electron systems whose electronic and optical properties

are determined by the conduction electrons alone. The collective oscillations of free

conduction electrons of metallic NPs are observed when illuminated with the light of

plasmon wavelength and is called localized surface plasmon resonance (LSPR).

Magnetic nanoparticles (MNPs) have lesser free electron contribution to the opti-

cal properties as compared to plasmonic NPs, due to which they do not exhibit LSPR,

but these MNPs possess spontaneous magnetization. Magnetic nanoparticles provide

target ability or control over a motion which makes their use in a biosensor, magnetic

fluids, information storage, magnetic bioseparation, and catalysis. Magnetic nanos-

tructures used in biomedical applications are usually composed of iron oxides, such

as magnetite or maghemite because these materials combine high magnetic suscepti-

bilities with very low toxicity.

Core-shell nanomaterials based on semiconductor cores coated by noble metal-

lic shell are very interesting especially for biological and industrial applications.

Magnetic-plasmonic core-shell nanoparticles, combining magnetic and plasmonic com-

ponents, are promising structures for use in life sciences. Both plasmonic and mag-

netic nanomaterials are currently under intensive investigation for use in biomedical

applications, and many findings have already been commercially exploited. In addi-

tion, Fe3O4 and Ag are relatively abundant, non-toxic, affordable, chemically stable,

and simple to create as nanostructures with distinct morphologies and characteristics.

However, the absorption efficiency of visible light is low and the band gap energy is

broad for these two materials. Numerous successful strategies have been developed

experimentally in the last few decades to address the limitations and improve the
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characteristics of magneto-plasmonics properties. Core-shell configurations are bet-

ter when it comes to band gap energy and electron-hole recombination rate. In light

of this, core-shell nanocomposites based on Fe3O4 and Ag respectively are investi-

gated. To the best our knowledge, there have not been any reports of Fe3O4 based

core-shell composite nanostructures theoretically and numerically investigated for the

field of biomedicine.

In this dissertation, the effect of plasmonic resonance and the enhancement of op-

tical response on magnetic/plasmonic core/shell spherical nanostructures embedded

in a dielectric host matrix are investigated theoretically. The theoretical analysis is

carried out based on the electrostatic approximation and Maxwell-Garnet effective

medium theory to obtain the effective electric permittivity and magnetic permeabil-

ity, electric polarizability, refractive index, absorbance, as well as the corresponding

scattering and absorption cross-sections. These properties is based on the interfaces

and oscillations of free electrons in which it possess two set of resonance peaks.

The main objective of this study is to investigate the enhancement of optical

response and the effect of plasmonic resonance on magnetite@silver (Fe3O4@Ag)

composite nanostructures.

The specific objectives of the study are:

• To study the enhancement of optical properties of spherical Fe3O4@Ag core-

shell nanocomposite.

• To investigate the effect of the size of nanoparticles on the optical responses of

spherical Fe3O4@Ag core-shell nanocomposite.

• To see the effects of metal fraction and dielectric function of host medium on
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the absorbance and electrical polarizability of spherical Fe3O4@Ag core-shell

nanocomposite.

• To study the effects of filling factor, metal fraction and dielectric function of host

medium on the refractive index of spherical Fe3O4@Ag core-shell nanocompos-

ite.

• To investigate the effects of metal fraction and dielectric function of host medium

on the absorption and extinction cross sections of spherical Fe3O4@Ag core-shell

nanocomposite.

• To analyze the plasmonic resonance response on magnetic@plasmonic spherical

Fe3O4@Ag core-shell nanocomposite.

The dissertation is organized as follows: Chapter 2: In this chapter, we present

the interactions of light with a homogenous metallic nanoparticles. To study the

Optical/plasmonic response of the interaction, we use Models and Their Theoretical

Considerations of Spherical Homogenous Nanoparticles such as Drude free-electrons

model for metallic and lorentz model for semiconductor nanoparticles. The unique

properties due to its increase in the surface area to volume ratio and the quantum

size effect are also addressed in this chapter.

Chapter 3: This chapter is devoted to the discussion of the Optical Responses

of Metal/Dielectric Core/Shell Nanoparticles. In this chapter we present the fun-

damental theory for surface plasmon resonance, electrostatic approximation, effec-

tive medium approximation for metal coated core/shell nanoparticles. We will dis-

cuss electric polarizability, absorption and scattering cross-sections for metal coated

core/shell structured nanoparticles.
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Chapter 4: This chapter presents the derivation of the effective permittivity and

permeability of the theoretically modelled magnetic-semiconductor/metal core/shell

spherical NP embedded in a dielectric host matrix. The numerical results are also

presented and discussed in this chapter.

Chapter 5: In this chapter, we provides the discussion of the Effect of Sur-

face Plasmonic Resonances on Magneto-Plasmonic Fe3O4@Ag Spherical Core-Shell

Nanoparticles. Based on electrostatic approximation and the Maxwell-Garnet effec-

tive medium theory, theoretical analysis have been done to derive εeff and µeff . Using

these theoretically determined values, calculations have been done on the magneto-

optical parameters such, as the electric polarizability, absorption and scattering cross-

sections.

Chapter 6: This chapter presents a conclusion of the the results obtained in this

work and and future work remarks.



Chapter 2

Models and Theoretical
Considerations on the Optical
Response of Plasmonic Spherical
Homogenous/Hetrogenous
Nanoparticles

2.1 Spherical Homogenous Nanoparticles

2.1.1 Introduction

The interaction of a particle of size a with the electromagnetic field can be analyzed

using the simple quasi-static approximation provided that a� λ, i.e. the particle size

is much smaller than the wavelength of light in the surrounding medium. In this case,

the phase of the harmonically oscillating electromagnetic field is practically constant

over the particle volume, so that one can calculate the spatial field distribution by

assuming the simplified problem of a particle in an electrostatic field. The harmonic

time dependence can then be added to the solution once the field distributions are

known. As we will show below, this lowest-order approximation of the full scattering

problem describes the optical properties of nanoparticles of dimensions below 100

17
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nm adequately for many purposes. We start with the most convenient geometry

for an analytical treatment: a homogeneous, isotropic sphere of radius a located at

the origin in a uniform, static electric field E =E0ẑ (Fig. 2.1). The surrounding

medium is isotropic and non-absorbing with dielectric constant εm, and the field lines

are parallel to the z-direction at sufficient distance from the sphere. The dielectric

response of the sphere is further described by the dielectric function ε(ω), which we

take for the moment as a simple complex number ε.

2.2 Models for Metals and Dielectric Materials

2.2.1 Electrostatic Approximation

For a spherical nanoparticle of radius a that is irradiated by z-polarized light of

wavelength λ (where a is much smaller than the wavelength of light), the magnitude

of the electric field appears static around the nanoparticle, allowing us to solve the

spatial field distribution (assuming as a problem of a particle in an electrostatic field).

we are interested in a solution of the Laplace equation for the potential ∇2Φ = 0,

from which we will be able to calculate the electric field E = −∇Φ. Due to the

azimuthal symmetry of the problem, the general solution is of the form [26]-[28]

Φ(r, θ) =
∞∑

`=0

[A`r
` +B`r

−(`+1)]P`(cos θ), (2.2.1)

where P`(cosθ) are the Legendre Polynomials of order ` and θ the angle between the

position vector r at point P and the z-axis (Fig. 2.1). Due to the requirement that

the potentials remain finite at the origin, the solution for the potentials Φin inside
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Figure 2.1: Sketch of a homogeneous sphere placed into an electrostatic field.

and Φout outside the sphere can be written as

Φin(r, θ) =
∞∑

`=0

A`r
`P`(cos θ), (2.2.2)

Φout(r, θ) =
∞∑

`=0

[B`r
` + C`r

−(`+1)]P`(cos θ), (2.2.3)

The coefficients A`, B` and C` can now be determined from the boundary conditions

at r → ∞ and at the sphere surface r = a. The requirement that Φout → −E0z =

−E0r cos θ as r → ∞ demands that B` = −E0 for ` = 1 and B` = 0 for ` 6= 1. The

remaining coefficients A` and C` are defined by the boundary conditions at r = a.

Equality of the tangential components of the electric field demands that

−1

a

∂Φin

∂θ
|r=a = −1

a

∂Φout

∂θ
|r=a, (2.2.4)
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and the equality of the normal components of the displacement field

−ε0ε
∂Φin

∂r
|r=a = −ε0εm

∂Φout

∂r
|r=a, (2.2.5)

when the series Eqns. (2.2.2) and (2.2.3) are substituted in Eqn. (2.2.5), results to

Legendre functions equals to zero. Since these must vanish for all θ, the coefficient

of each Legendre function must vanish separately. For the Left hand side of (2.2.5)

boundary condition leads (through orthogonality of P 1
` = ∂P`/∂θ) to the relations

A1 = −Eo +
C1

a3

A` =
C`

a2`+1
For ` 6= 1 (2.2.6)

while the right hand side of Eqn. (2.2.5) gives (through orthogonality P`)

(ε/εo)A1 = −Eo − 2
C1

a3
(ε/εo)

A` = −(`+ 1)
C`

a2`+1
For ` 6= 1 (2.2.7)

the right hand side of equations in Eqns. (2.2.6) and (2.2.7) can be satisfied simulta-

neously only with A` = C` = 0 for all ` 6= 1. The remaining coefficients are given in

terms of the applied electric field Eo.

A1 = −
(

3

2 + ε/εo

)
Eo

C1 =

(
ε/εo − 1

ε/εo + 2

)
a3Eo (2.2.8)
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The potential is therefore

Φin = − 3εm

ε+ 2εm

E0r cos θ r < a (2.2.9)

Φout = −E0r cos θ +
ε− εm

ε+ 2εm

E0a
3 cos θ

r2
r ≥ a (2.2.10)

where Φout describes the superposition of the applied field and that of a dipole located

at the particle center. We can rewrite Φout by introducing the dipole moment p as

Φout = −E0r cos θ +
p.r

4πε0εmr3
, (2.2.11)

p = 4πε0εma
3 ε− εm

ε+ 2εm

E0. (2.2.12)

We therefore see that the applied field induces a dipole moment inside the sphere of

magnitude proportional to |E0|. If we introduce the polarizability α, defined through

p = ε0εmαE0, we arrive at

α = 4πa3 ε− εm

ε+ 2εm

. (2.2.13)

Equation Eqn. (2.2.13) is the central result of this section, the (complex) polarizabil-

ity of a small sphere of sub-wavelength diameter in the electrostatic approximation.

We note that it shows the same functional form as the Clausius Mossotti relation.

It is apparent that the polarizability experiences a resonant enhancement under the

condition that |ε+ 2εm| is a minimum, which for the case of small or slowly-varying

Im[ε] around the resonance simplifies to

Re[ε(ω)] = −2εm (2.2.14)
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This relationship is called the Fröhlich [29] condition and the associated mode (in an

oscillating field) the dipole surface plasmon of the metal nanoparticle. For a sphere

consisting of a Drude metal with a dielectric function located in air, the Fröhlich

criterion is met at the frequency ω0 = ωp√
3
. Eqn. (2.2.14) Further expresses the strong

dependence of the resonance frequency on the dielectric environment: The resonance

red-shifts as εm is increased. We note that the magnitude of a at resonance is limited

by the incomplete vanishing of its denominator of Eqn. (2.2.14), due to Im[ε(ω)] 6= 0.

The distribution of the electric field E = −∇Φ can be evaluated from the poten-

tials Eqns. (2.2.9) and (2.2.10) to

Ein =
3εm

ε+ 2εm

E0, (2.2.15)

Therefore, a spatially constant electric field of magnitude Ein is induced inside the

sphere.

Eout = E0 +
3n(n.p)-p

4πε0εm

1

r3
, (2.2.16)

Up to this point, we have been on the firm ground of electrostatics, which we will

now leave when turning our attention to the electromagnetic fields radiated by a

small particle excited at its plasmon resonance. For a small sphere with a � λ, its

representation as an ideal dipole is valid in the quasi-static regime, i.e. allowing for

time-varying fields but neglecting spatial retardation effects over the particle volume.

Under plane-wave illumination with E(r, t) = E0e
−iωt, the fields induce an oscillating

dipole moment p(t) = ε0εmαE0e
−iωt, with α given by the electrostatic result (2.2.13).

The radiation of this dipole leads to scattering of the plane wave by the sphere, which

can be represented as radiation by a point dipole.
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These oscillating dipole fields of the well-known spherical-wave form are given by

H =
ck2

4π
n× p

eikr

r
(2.2.17)

E =

√
µ0

ε0εm

(H× n) (2.2.18)

2.2.2 The Quasi-Static Approximation

The quasi-static approximation (QSA) and Mie theory are among the well-known

approaches to simulate the scattering of light in coreshell NPs. However, the QSA

considerably simplifies the mathematical analysis of the scattering problem of complex

geometries such as core-shell systems of dimensions below 100 nm. The QSA refers to

the assumption that when a particles size is much smaller than the wavelength of the

incident electromagnetic field, its electric field may be regarded as spatially uniform

over the extent of the particle. Unlike the Mie approach, in QSA all multipole orders

higher than the dipole are neglected, so that the electrostatic solution can be obtained

by solving Laplaces equation (∇2Φ = 0)of the electric potential, Φ, from which we will

be able to calculate the electricfield E = −∇Φ. Here, we first calculate the potential

in the different regions of the NPs, and then the polarizability and the corresponding

extinctioncross-section using the QSA.

As described in the previous section, applying electrostatic theory to the prob-

lem of scattering and absorption of electromagnetic radiation by small metal spheres

(radius a � λ) enables some understanding of the fundamental physical processes

to be gained. The simplest scenario to consider a system consists of a non-magnetic

(µ = µ0) sphere surrounded by a homogeneous, linear and isotropic medium that is
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non-absorbing [30, 31], it is assumed that the particle initially experiences a uniformly

polarised field throughout the entire volume of the sphere. Phase shifts that would ex-

ist in a non-uniform field are neglected, thus multipolar resonances predicted by Mie

theory are restricted to the dipole mode [32]. The mode is induced by the movement

of the electrons relative to the positively charged ion cores of the atomic nuclei under

the influence of the externally applied electric field. Provided the permittivities of

the sphere and the external medium are different a charge is developed at the surface

resulting in a polarisation field within the particle. The external field is modified by

the electromagnetic field generated by the polarisation charge [34]. Standard methods

in electrostatics can be applied to derive expressions for the electric fields inside (E1)

and outside (E2) the sphere from the scalar potentials φ1(r, θ) and φ2(r, θ) using

Ei = −∇φi, i = 1, 2, (2.2.19)

and the Laplace equation

∇φ2
i = 0, (2.2.20)

The boundary conditions at the interface (r = a) between the sphere and the medium

necessitate that the potential is continuous φ1 = φ2 and that their radial derivatives

satisfy

ε1
∂φ1

∂r
= ε2

φ2

∂r
, (2.2.21)

where ε1 is the complex permittivity of the particle and ε2 is the permittivity of

the external medium. A further condition is that far from the particle the field is
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unperturbed by the particle

E2 = E0(r →∞), (2.2.22)

φ2 = −E0z = −E0rcos(θ), (2.2.23)

and is equal to the incident field now defined as E0 = E0z. Solving Eqn. (2.2.20) and

applying the boundary conditions yields the following expressions for the potential

inside φ1 and outside φ2 the sphere,

φ1 =
3ε2

ε1 + 2ε2

E0r cos(θ), (2.2.24)

φ2 = −E0rcos(θ) + a3E0
ε1 − ε2

ε1 + 2ε2

cos(θ)

r2
, (2.2.25)

Instantly one can see by comparison Eqn. (2.2.25) with Eqn. (2.2.23) that the field

outside of the sphere is a superposition of the incident field and the field generated

by the particle. By comparison with the equation for the potential due to an ideal

dipole

φ =
p · r

4πε2r3
=

p

4πε2

cos(θ)

r2
, (2.2.26)

where p is the dipole moment, the second term in Eq. (2.2.25) is identified as being

that of an ideal dipole with moment

P = 4πa3 ε1 − ε2

ε1 + 2ε2

ε2E0 (2.2.27)
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and polarizability α,

α = 4πa3 ε1 − ε2

ε1 + 2ε2

(2.2.28)

The derivation above has required a spatially constant electric field and has neglected

the application of a time-varying electric field. An electromagnetic wave incident on a

sphere as defined above naturally has a time-varying electric field and therefore when

applying electrostatic theory to these situations is often referred to as the quasi-static

approximation. This acknowledges that although spatially invariant at an instant in

time, the particle experiences a field with a time dependent phase. The polarisability

is related to the absorption and scattering cross-sections given by [33]

Csca =
k4

6π
|α2|, (2.2.29)

Cabs = kIm{α}, (2.2.30)

yielding, upon substitution of the polarisability in equation 2.2.28

Csca = πa2 8

3
x4|( ε1 − ε2

ε1 + 2ε2

)2|, (2.2.31)

Cabs = πa24xIm{ ε1 − ε2

ε1 + 2ε2

} (2.2.32)

where x = ka = 2πan2

λ
is the size parameter. From these relations it is clear how the

absorption, scattering and extinction from a particle small compared to the wave-

length depend on the size, wavelength and relative permittivities of the particle and

the external medium. For a small particle consisting of a material with a dielec-

tric function only weakly dependent on the frequency of the incident radiation and
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satisfying the conditions above the absorption is proportional to 1
λ

and the scatter-

ing intensity proportional to 1
λ4 . This is known as Rayleigh scattering after Lord

Rayleigh who used the relationship to explain the color of a clear blue sky in 1871.

2.3 Optical Response of Metallic Nanoparticles

2.3.1 Mie Theory

The exact analytical description of the optical behavior of metallic nanoparticles can

be calculated by solving Maxwells equations. In 1908, Gustav Mie solved the Maxwell

equations for the electromagnetic wave interacting with a small sphere. The theory

shows the importance of multipole oscillations for the extinction cross section as the

particle grows larger. In the Mie theory, the scattering and extinction cross sections

are calculated by [35]:

Cext =
2π

|k|2
∞∑

L=1

(2L+ 1)Re(aL + bL), (2.3.1)

Csca =
2π

|k|2
∞∑

L=1

(2L+ 1)(|aL|2 + |bL|2), (2.3.2)

with

aL =
mψL(mx)ψ

′
L(x)− ψ

′
L(mx)ψL(x)

mψL(mx)η
′
L(x)− ψ

′
L(mx)ηL(x)

(2.3.3)

bL =
ψL(mx)ψ

′
L(x)−mψ

′
L(mx)ψL(x)

ψL(mx)η
′
L(x)−mψ

′
L(mx)ηL(x)

(2.3.4)

m = n/nm, where n is the complex index of refraction of the metal particle, nm is the

real index of refraction of the surrounding medium, k is the wave vector, x = |k|r, ψL
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and ηL are the Ricatti-Bessel cylindrical functions, L is the summation index of the

partial waves (L = 1 corresponds to the dipole oscillation, L = 2 is associated with

the quadrupole oscillation, and so on), and the prime indicates differentiation with

respect to the argument in the parentheses.

For a sphere with volume V the dipolar contribution of extinction cross section

Cext = Cabs + Csca can be presented as:

Cext = 9
ω

c
ε
3/2
h V

ε
′′
m

(ε′
m + 2εh)2 + ε′′2

m

(2.3.5)

where εh is the dielectric function of the embedding medium, and εm = ε
′
m + iε

′′
m is

the dielectric function of the particle, c is the speed of light.

For non-absorbing host matrix, the approximate resonance behavior of Eq. (2.3.5)

is computed from the condition called the Frohlich condition for which the denomi-

nator of Eq. (2.3.5) is minimum, [36] i.e.,

(ε
′

m + 2εh)
2 + (ε

′′

m)2 = Minimum. (2.3.6)

For ε
′′

is small or slowly-varying with ω, which is the case for noble metals, ε
′
m =

−2εh. This condition points to the use of plasmonic metal, where εm can be negative;

additionally, the imaginary part of εm should be as small as possible [37]. It turns out

that this condition corresponds to the excitation of a surface plasmon in the metallic

nanoparticle [38]. Substituting the resonance condition for the extinction cross section

into the real part of the dielectric function for the free electron contribution yields

the following approximation for the maximum of the extinction cross section in the
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limit where γ � ω.

ωs =
ωp√

ε∞ + 2εh

. (2.3.7)

This frequency is called the local surface plasmon (LSP) frequency, Eq. (2.3.7) indi-

cates that the LSP frequency depends on the dielectric constant of the matrix in which

we place the metal nanoparticle, and the type of metal that we use for excitation of

LSP resonance. Moreover, Eq. (2.3.7) shows that the plasmon peak of a metallic NP

will appear at a lower energy than the bulk plasmon of the same material.

2.3.2 Lorentz Model

A plasma model is used to describe the optical properties of metals due to the free

electron movement of the conduction electrons through a fixed positive, ionic back-

ground. The model was developed by H. A. Lorentz as a classical approach to describe

optical properties of materials by assuming that electrons and ions of a medium are

simple harmonic oscillators and neglecting material properties such as the lattice po-

tential and electron-electron interactions. The simple oscillator model is of great use

in determining optical properties of a material because it can describe a variety of op-

tical excitations [39]-[43]. The microscopic model of a polarizable material becomes

a macroscopic system of independent, isotropic, and identical harmonic oscillators

which are subjected to an applied electric field, E, which acts as a driving force. The

oscillation response to an applied local electric field, Elocal, for an electron with an

effective mass, m, and a charge, e, is given by

m
d2x

dt2
+mγ

dx

dt
+Kx = eEloc; (2.3.8)
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where x is the distance displaced from equilibrium, Kx is the restoring force for an

electron with a spring constant, K. The oscillation of electrons is damped as a result

of collisions, which adds a damping term to the equation, mγ, where the collision

frequency, γ = 1/τ , and τ is the relaxation time for a free electron plasma which at

room temperature is typically on the order of 10−14 making τ = 100 THz. Since the

electric field has a harmonic time dependence [44],

E(t) = E0e
−iωt (2.3.9)

with a frequency, ω, and time, t, the solution to the equation for an electron becomes

x(t) = x0e
−iωt, (2.3.10)

where phase shifts between the driving force of the electric field and the electron

response is contained in the complex amplitude, x0 [45]. The oscillatory solution to

Eqn. (2.3.8) becomes:

x(t) = E(t)
e

m(ω2
0 − ω2 − iγω)

, (2.3.11)

with ω2
0 = K/m . A schematic of a Lorentz harmonic is shown in Fig. (2.2(A)). In

most systems, there is a certain degree of collisions that occur which means γ = 0

and the phase of the driving field and oscillating electrons have a displacement, D,

D = Ae(iθ)(
eE

m
), (2.3.12)

with phase angle, θ,

θ = tan−1[
ωγ

ω2
0 − ω2

], (2.3.13)
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Figure 2.2: Lorentz harmonic oscillator [45, 46].

and amplitude, A,

A = tan−1[
1

[(ω2
0 − ω2)2 + ω2γ2]1/2

]; (2.3.14)

The consequence of the phase difference results in the maximum amplitude occurring

when the frequencies ω0
∼= ω. If γ � ω0, the height of the maximum amplitude

is inversely proportional to γ and the full width at half maximum (FWHM) is pro-

portional to γ. Fig.(2.2(B)) shows a plot for the amplitude and phase relation for a

hypothetical oscillator. At low frequencies, the oscillator response is in phase with the

driving force where θ ∼= 0 and ω � ω0 as shown in Fig. (2.2 (B)). At the resonance

frequency, the amplitude is at a maximum and the phase lag is θ = 900. Near ω0

a 1800 phase change occurs. As a result, at high frequencies, ω � ω0 the oscillator

response and the driving force are 1800 out of phase.

For a single oscillator, the induced dipole moment is p = ex. For a large number
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of oscillators, n, the dipole moment per unit volume becomes,

P = −nex; (2.3.15)

and when combined with Eqn. 2.3.11 becomes

P =
ω2

p

ω2
0 − ω2 − iωγ

Eε0, (2.3.16)

where the plasma frequency, is given by

ω2
p =

ne2

ε0m
, (2.3.17)

The optical constants for the collection of oscillators can then be derived out, where

the dielectric function for the bulk material is given by

ε(ω) = 1 + χ = 1 +
ω2

p

ω2
0 − ω2 − iωγ

, (2.3.18)

which can be decomposed into the real, ε1, and imaginary, ε2, components of the

complex dielectric function, ε(ω) = ε1(ω) + iε2(ω) as

ε1(ω) = 1 + χ
′
= 1 +

ω2
p(ω

2
0 − ω2)

(ω2
0 − ω2)2 + ω2γ2

, (2.3.19)

ε2(ω) = χ
′′

=
ω2

pωγ

(ω2
0 − ω2)2 + ω2γ2

, (2.3.20)

At the natural frequency ω0, the imaginary part of the dielectric constant is at a

maximum as shown in Fig. 2.3 for silver
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2.3.3 Drude Model

Consider a system where the conduction electrons of metals are treated as a gas of

free electrons, the conduction and valence band overlap allowing for electrons near the

Fermi level to be excited to different energy and momentum states by the absorption

of photons with very little energy [35], [36], [47]. These intraband transitions give

rise to free electrons which can be taken into account by modification of the Lorentz

model. When the spring constant in Eq.(2.3.8) is set to zero, it essentially clips the

springs of the harmonic oscillators with K = 0 and ω0 = 0 to transform Eq.(2.3.11)

into

x(t) = E(t)
e

m(ω2 + iγω)
, (2.3.21)

When the polarization in Eqn. (2.3.15) is combined with equation Eqn. (2.3.21), it

Figure 2.3: Frequency dependence of the real and imaginary parts of the dielectric
constant of silver [46].
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becomes

P = −n e2

m(ω2 + iωγ)
E, (2.3.22)

gives the relation between D and E in terms of frequency and electric permittivity as

D = ε0(1−
ω2

p

ω2 + iγω
)E, (2.3.23)

The new dielectric function for the free electrons becomes

ε(ω) = 1−
ω2

p

ω2 + iγω
, (2.3.24)

which can be decomposed into the real, ε1, and imaginary, ε2 of the complex dielectric

function as

ε1(ω) = 1−
ω2

p

ω2 + γ2
, (2.3.25)

ε2(ω) =
ω2

pγ

ω(ω2 + γ2)
, (2.3.26)

Eqn. (2.3.24) demonstrates that the dielectric constant can become zero near the

plasma frequency where the material can support collective modes of oscillating elec-

trons in phase with each other. By tuning the geometry of the structure, the oscilla-

tion can occur at negative values of the dielectric constant.

2.3.4 Size Effects

Nanomaterials have unique properties due to its increase in the surface area to volume

ratio and the quantum size effect. If the size of nanocomposite materials is smaller
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than their De-Broglie wavelength of electrons and holes are spatially confined, creat-

ing electric dipoles. Nano-sized materials have a probability of significant interface

interaction, which strongly determines the properties like electrical resistivity, chem-

ical reactivity, adhesion, and catalytic activity. For instance, for very small metallic

nanoparticles, the plasmonic properties are dependent on the radius r. From Drude-

Sommerfeld Theory, the bulk plasmon frequency, ωp, is defined as, ωp =
√
ne2/ε0me

with e, me, and n being the charge, mass and total number of conduction electrons in

the metal, respectively and ε0 is the permittivity of free space. To incorporate both,

size dependent conduction electron processes and interband transitions to the polar-

izability, εm can be described by introducing the high frequency dielectric function

ε∞.

εm(ω) = ε∞ −
ω2

p

ω(ω + iγ)
(2.3.27)

The dielectric function Eq. (2.3.27) is dependent on the size of the material, and

defined as [35, 48];

ε(ω, r) = ε∞ −
ω2

p

ω(ω + iγ(r))
. (2.3.28)

The size dependent damping parameter can be expressed as;

γ(r) = γ0 + A
Vf

r
, (2.3.29)

where γ0 is the bulk damping constant, Vf is the speed of electrons at Fermi energy

surface and A is a parameter that depends on the specifics of the scattering process.

The size dependent damping parameter highly determine the sharpness and broadness

of optical absorbance of metallic nanoparticles as well as nanocomposite.
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2.4 The Optical Response of Metal/Dielectric (Het-

erogenous) Core/Shell Nanoparticles

In this section, we present the fundamental theory for surface plasmon resonance,

localized surface plasmon resonance (LSPR), Electrostatic Approximation, Effective

medium Approximation for metal coated core/shell nanoparticles. In addition, we

will derive the equations of electric potential inside and outside of the naoparticles

which have spherical symmetry, as well as the electric field distribution inside the

core/shell nanoparticles. Then, employing the calculated parameters, we will discuss

electric Polarizability, refractive index, absorbance and extinctioon cross-sections for

metal coated core/shell structured nanoparticles.

2.5 Plasmon Resonance in Noble Metal Nanos-

tructures

Plasmons arise from the collective oscillations of free electrons in metallic materials.

Under the irradiation of an electromagnetic wave, the free electrons are driven by

the electric field to coherently oscillate at a plasmon frequency of ωB relative to the

lattice of positive ions. For a bulk metal with infinite sizes in three dimensions in

vacuum, ωB can be expressed as

ωB =

√
4πe2n

me

; (2.5.1)

where n is the number density of electrons and e and me are the charge and effective

mass of electrons, respectively.

However, in reality, we have to deal with metallic structures of finite dimensions
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Figure 2.4: Schematic illustrations of (a) a propagating plasmon at metaldielectric
interface and (b) a LSPR of a metal nanosphere,[49].

that are surrounded by materials with different dielectric properties. Since an elec-

tromagnetic wave impinging on a metal surface only has a certain penetration depth

(∼ 50 nm for Ag and Au), only the electrons on the surface are the most significant.

Therefore, their collective oscillations are properly termed as surface plasmons. At

a metalvacuum interface, application of the boundary conditions results in a surface

plasmon mode with a frequency ωsurf = ωB√
2

. As is shown in Fig.2.4, such a surface

plasmon mode represents a longitudinal charge density wave that travels across the

surface, also widely known as a propagating plasmon. A surface plasmon mode can be

excited through a resonance mechanism by passing an electron through a thin metallic
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film or by reflecting an electron or a photon from the surface of a metallic film when

the frequency and wave vectors of both the incident light and the surface plasmon

match each other. In metallic nanoparticle systems, the collective oscillations of free

electrons are confined to a finite volume defined by the particle dimensions. Since the

plasmons of nanoparticles are localized rather than propagating, they are known as

localized surface plasmon resonances (LSPRs). When the free electrons in a metallic

nanostructure are driven by the incident electric field to collectively oscillate at a

certain resonant frequency, the incident light is absorbed by the nanoparticles. Some

of these photons will be released with the same frequency and energy in all directions

which is known as the process of scattering. Meanwhile, some of these photons will

be converted into phonons or vibrations of the lattice, which is referred to as absorp-

tion. Therefore, LSPRs manifest themselves as a combined effect of scattering and

absorption in the optical extinction spectra [49].

The excitation of surface plasmons at rough noble-metal surfaces is responsible for

the enhancement of several optical phenomena observed for nanoparticles adjacent to

these surfaces, metal nanoparticles were considered as surface plasmon-assisted field

amplifiers. However, these particles can also be exploited as intrinsic refractive index

sensors. The physical basis of this application is the light extinction (absorption and

scattering), which is heavily dependent on the nanoparticles dielectric constant, size

and geometry and also on the dielectric constant of the surrounding medium [50].

The interesting optical attributes of metal nanoparticles, as reflected in their

bright intense colors, are due to their unique interaction with light. In the pres-

ence of the oscillating electromagnetic field of the light, the free electrons of the
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metal nanoparticle undergo a collective coherent oscillation with respect to the pos-

itive metallic lattice. This process is resonant at a particular frequency of the light

and is termed the localized surface plasmon resonance (LSPR) oscillation. This elec-

tronic oscillation can be simply visualized as a photon confined to the small size of

the nanostructure, constituting an intense electric field around the particle. The sur-

face plasmon oscillation decays by radiating its energy resulting in light scattering or

decays nonradiatively as a result of conversion of absorbed light to heat. The elec-

tric field intensity and the scattering and absorption cross-sections are all strongly

enhanced at the LSPR frequency, which for gold, silver, and copper lies in the visi-

ble region. Since copper is easily oxidized, gold and silver nanostructures are most

attractive for optical applications. Nanosized dimensions of the nanoparticle probes

make it easy to incorporate them into biological systems, which are on the same size

scale [51]. The localized surface plasmon resonance is the result of the confinement

of surface plasmon in the nanoparticle of a size comparable to or smaller than the

wavelength of light used to excite the plasmon. Localized surface plasmon has two

effects, i) the electric fields near the particle surface are greatly enhanced, which falls-

off quickly with distance from the surface. ii) The optical extinction of nanoparticles

is the maximum at the surface plasmon resonant frequency and this occurs at a visible

wavelength for the noble metal nanoparticles, which enhances their applications in

various fields. Plasmon resonant frequency is highly sensitive to the index of refraction

of the environment. This allows nanoparticles possessing localized surface plasmon

to be used for nanoscale sensing application. Nanostructures exhibiting localized sur-

face plasmon resonances are used to enhance the optical signals in modern analytical

techniques based on spectroscopy. The plasmon resonance can either radiate (Mie
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scattering) light, which is useful in optical and imaging fields or is converted into

heat(absorption) which has opened up applications in several areas. Nanoparticles

with SPR has the ability to integrate metal nanoparticles into the biological systems

to have live fluorescence imaging and thus contributes much into the area of biology

and biomedicine [19]. Metal nanoparticles can be conjugated with small molecule

or biomolecular targeting or recognition ligands for achieving molecular specificity.

While the use of photo absorbing and fluorescent dyes as biological labels and stains

has been common over the last few decades, metal nanoparticles are fast replacing

them as optical labels and probes. Because of surface plasmon enhancement, opti-

cal cross-sections of metal nanoparticles (10 − 100 nm) are 5 orders of magnitude

or more larger than those of dye molecules. Each metal nanoparticle can be consid-

ered an optical probe equivalent to up to a million dye molecules. This provides a

large margin for enhancing the probing sensitivity. Unlike dyes, metal nanoparticles

are photostable and do not undergo photo bleaching, allowing higher light excita-

tion energies and longer probing times. There is a range of enhanced radiative and

nonradiative attributes associated with the LSPR. The optical probing strategy can

thus be chosen depending on the specific biological application. Different strategies

may also be combined. Another unique property of LSPR is that it can be tuned by

changing the nanostructure size, shape, composition, or environment, in order to suit

the bio-application [51].

In the last two decades, surface plasmon resonance (SPR) has evolved from a

fairly esoteric physical phenomenon to an optical tool that is widely used in physical,

chemical and biological investigations where the characterization of an interface is

of interest. Recently, the field of SPR nano-optics has been added where metallic
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structures on a nanoscale can be designed such that they can perform certain opti-

cal functions. Essential for the generation of surface plasmons (SPs) is the presence

of free electrons at the interface of two materials in practice this almost always

implies that one of these materials is a metal where free conduction electrons are

abundant. This condition follows naturally from the analysis of a metal/dielectric

interface by Maxwells equations. From this analysis, the picture emerges that sur-

face plasmons can be considered as propagating electron density waves occurring at

the interface between metal and dielectric. Alternatively, surface plasmons can be

viewed as electromagnetic waves strongly bound to this interface; it is found that the

surface plasmon field intensity at the interface can be made very high, which is the

main reason why SPR is such a powerful tool for many types of interface studies.

Surface plasmon resonance (SPR) typically arises in nanostructures of noble metals.

Their unique properties such as strong field confinement, resonant behavior and lo-

cal field enhancement effects make them ideal candidates to control the emission of

luminescent nanoparticles (NPs). Among these NPs, quantum dots (QDs) are highly

versatile and suitable for a wide range of applications, due to their single optical

properties and tunable emission, as well as high quantum yield (QY) and photo-

stability, making them good energy donors and acceptors [52]-[54]. The interaction

of light with a metal surface results in the collective oscillation of the surface free

electrons. This phenomenon is called surface plasmon resonance (SPR). The noble

metal components of nanoalloys have been widely used as efficient probes for local-

ized surface plasmon resonance (LSPR), due to their strongly enhanced resonance

at optical frequencies, making them excellent scatterers and absorbers in the visible

spectral range. Their surface chemistry provides possibilities for functionalising with
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biomolecules, whilst retaining their bioactivity, which is particularly attractive for

plasmonic sensing. The optical properties arise from different characteristics; higher

scattering and extinction cross-sections, than the alternative semiconductor quantum

dots or organic fluorophores. They have the advantages that they do not photobleach

or blink, and that the surface plasmon resonance wavelength (λspr) is highly sensitive

to the local dielectric environment. The physical requirements for good plasmonic

responses and in particular, narrow resonance bands in bimetallic systems include

the formation of a monodisperse collection of particles with a plasmonic layer of even

thickness or the formation of sub-domains of the same size [55].

The quantitative understanding of the plasmonic nature of metallic nanostructures

has led to the design of highly sensitive nano-antennas by the proper selection of ma-

terials along with the optimization of size, shape anisotropy and surface chemistry of

the structures. However, their performance relies on the excitation of the localized

surface plasmon resonance (LSPR) that is able to alter, confine, and reinforce light-

matter interaction. Plasmonic nanostructures have met with tremendous successes

in nanoelectronic, chemistry biology, catalysis and electro-catalysis and in biomedical

fields. Then, metal dielectric coreshell structures had been successfully introduced to

passivate the surface and to tune the surface plasmon resonance wavelength. More

recently, bimetal coreshell structures have also attracted attention. The appeal of

bimetal coreshell structures is mainly due to the evolution of new optical and physi-

cal properties including new plasmonic resonances. In particular, these nanoparticles

exhibit a remarkable sensitivity of the resonance wavelength as a function of ambient

refractive index, a prerequisite for high tunability. This was well reviewed elsewhere

for a silver core and a gold shell geometry. The properties of surface plasmon depends
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on the overall geometry including the thickness of the shell, the shape anisotropy and

the distance of separation between a dimer of coreshell nanospheres. The separa-

tion also considered for aggregated or overlapping nanospheres, which are nothing

but negative separation distance. Gold and silver remain the strongest contenders for

LSPR experiments as they provide a high density of electrons and low losses in the

relevant spectral range of interest. The local electromagnetic field near the surface

of a plasmonic nanostructure (nanoantenna) can exceed that of the incoming field

by several orders of magnitude. The field enhancement has been proven critical in a

wide range of applications like in surface enhanced Raman scattering or tip-enhanced

Raman spectroscopy. On the theoretical side, better understanding and prediction of

properties, whereas on the experimental side custom made exact geometry by improv-

ing the growth control and size dispersion of these nanospheres. This study therefore

discusses the sensitivity of certain optical parameters, in particular the sensitivity of

the plasmon resonance wavelength on the coreshell geometry and ambient refractive

index. Therefore, we suggest a model of separated and overlapping Ag cores/Au shells

to investigate absorption cross-section, LSPR sensitivity and tunability, the impact

of shell thickness on the optical tunability by the variation of shell thickness for con-

stant external radius and a constant shell thickness with variable external radius of

the nanoparticles [56].

An electromagnetic wave propagating through different media is affected by inter-

actions with each medium as it traverses across the boundary between one medium

and another. The two main interactions between incident light and a discrete particle

are absorption and scattering. Scattering can be inelastic, where the wavelength of

the scattered radiation is different from the incident wavelength, or elastic, where the
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scattered radiation has the same wavelength as the incident light. Examples of elas-

tic scattering are Rayleigh scattering from small, dielectric (nonabsorbing) spherical

particles and Mie scattering from spherical particles with no limitations on size or di-

electric properties [57]-[63]. The discussion on electromagnetic waves has been limited

to the propagation of waves and interactions with simple structures composed of arbi-

trary media. In the following section, two different models for describing metals will

be discussed: the Lorentz model and the Drude model. Both models approximately

describe the optical properties of metallic structures and the plasmonic properties

that arise when the structures have dimensions on the order of nanometers. Specif-

ically, the manifestation of surface plasmons in bulk metals, discrete particles, and

metal/dielectric will be discussed. The section will conclude with a brief description

of different models and theories of light scattering and absorption [64]-[69].

2.6 Spherical Core/Shell Nanoparticle

Metal coated NPs with sizes much smaller than the wavelength of light show strong

dipolar excitations in the form of localized surface plasmon resonances (LSPR). The

term local surface plasmon resonance is used to demonstrate the resonance in a coher-

ent oscillation of the surface conduction electrons of particles much smaller than the

incident wavelength of electromagnetic radiation. The collective charge oscillation

causes a large resonant enhancement of the local field inside and near the NP. For

gold and silver NPs, the resonance falls into the visible region of the electromagnetic

spectrum.

The analytical solution for electromagnetic response of core/shell NPs whose sizes



45

are much smaller than the wavelength of radiation in relation to the local field dis-

tribution can be found by solving the Laplace equation. Efforts have been made to

improve the applicability and stability of composite systems, by combining different

types of NPs.

Consider a spherical core/shell NP coated with metal having radius r2 subjected to

an EM radiation. In electrostatic approximation at which the wavelength of radiation

is much larger than the size of NP, the analytical solution for electrostatic potential φ

inside and outside the sphere is obtained by solving the Laplace equation for spherical

symmetry, i.e.,∇2φ = 0. As it has been reported by [70], the resulting general solution

for the EM field inside and outside the core sell nanoparticle (see Fig 2.5) is in the same

analogy of Eqns. (2.2.1, 2.2.2 and 2.2.3). Eqn. (2.2.1) provides a very good estimate

for the optical response of small particles. However, as the particles size becomes

larger, higher order responses like the quadruple response becomes significant and

have to be incorporated into the calculations for the electrostatic potential. Linear

combinations of the functions in the first and the second term of Eqn. (2.2.1) may

have to be chosen according to the particular problem to avoid infinities at the origin

or at infinite distance. Writing the complex dielectric function of the metal coat as

εm = ε
′
m + iε

′′
m, where ε

′
m and ε

′′
m are its real and imaginary parts of the dielectric

function.

2.7 Effective-Medium Approximation

Heterogeneous materials offer versatile optical properties that are of use in many ap-

plications. Heterogeneous materials containing nanoscatterers (e.g., nanoparticles) as

constituents have found applications in antireflection coatings, thermal metamaterials
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Figure 2.5: Schematic of a core-shell spherical NPs embedded in a matrix.

, all-dielectric metamaterials, among others. The optical properties of such materials

can be tuned by changing the size, shape, and optical parameters of the constituent

nanoparticles. This versatility also poses a design challenge in predicting the be-

havior of the material from the optical properties of the constituents. One way of

performing such a prediction is the direct solution of the Maxwell equation as a many

body problem. On the other hand, effective medium approximations (EMAs) offer

a simpler path. While the former offers accuracy at a great computational expense,

EMAs often offer greater physical insight. EMAs treat the heterogeneous medium

as a homogeneous medium with effective optical properties that are functions of the

constituent properties. Among the various linear EMAs are the series model and

the parallel model, which predict effective optical parameters as series and parallel

combinations of the constituent materials, respectively. A more rigorous EMA is

achieved by applying the volume averaging theory to the Maxwell equation. The

Maxwell-Garnett (MG) theory models the effective dielectric constant of a medium

consisting of noninteracting spheres in a matrix. Bruggeman proposed another EMA
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that produces the same effective parameter regardless of which constituents are as-

sumed to the matrix and inclusion, respectively. MG theory has been used most

often to estimate effective optical parameters of heterogeneous materials due to its

simplicity, even though the MG formula cannot account for finite-sized inclusions

and interactions between them. Attempts have been made to address some of these

shortcomings using the Mie solution without accounting for interactions between the

inhomogeneous inclusions. Analytical treatments can be found for specific periodic

cases by expanding the refractive index into a power series. Analytical formulas have

been derived using the coherent scattering approach and by calculating the electro-

dynamic response. However, a simple analytical EMA formula capable of accounting

for finite-sized, randomly arranged inclusions and the interactions between them has

not been found. In this work, we have derived a simplified and fully analytical EMA

that accounts for the Rayleigh scattering using the Mie solutions. The simplification

is achieved by treating the Rayleigh scattering as a special case of the Mie scattering.

The interaction between inclusions has been incorporated using net polarizability.

The derived EMAs are compared with other EMAs as well as experimental results

[71].

The effective-medium approximation (EMA) is a method of treating a macro-

scopically inhomogeneous medium, i.e., a medium in which quantities such as the

conductivity, dielectric function, or elastic modulus vary in space. Many materials

fall into this broad category [72]-[74]. One example is a metal/dielectric composite,

consisting of a collection of metallic and dielectric grains arranged in some ordered

or random fashion. Another example is a porous rock. If that rock is filled with salt

water, then it is also a composite of an electrical insulator (the rock matrix) and an
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electrical conductor (the salt water). An anisotropic material sample in polycrys-

talline form is a third example. With a distinct conductivity or dielectric tensor,

every grain within that polycrystal is essentially a new material. Since each grain

has a unique fourth rank tensor, the identical problem is more complex with poly-

crystalline elastic materials. Since the early 1800s, there has been discussion on

quantitative models for heterogeneous material qualities. As discussed in multiple

studies, this sustained attention has resulted in the presentation of a multitude of

successful medium formulations, either merely phenomenological or grounded in rea-

sonably strong theories. Because metal-dielectric combinations are crucial for the

effective photothermal conversion of solar energy, there has been a sharp increase in

interest in their optical properties in recent years. Two effective medium theories

have become particularly popular; these are usually ascribed to Garnett (known as

the Maxwell-Garnett theory) and to Bruggeman [75]-[77]. The differences between

the mathematical structures of the two theories have been known for some years,

but a more intuitive physical understanding for the circumstances under which the

two formulations apply is only presently emerging. All these EMA calculations are

particularly appropriate for composites and polycrystals in which the grains of the

various components are randomly and symmetrically distributed, so that none of the

components is identifiable as a host in which the others are preferentially embedded

[69, 78].

2.7.1 Maxwell-Garnet Theory

Maxwell Garnett EMT allows the calculation of the effective dielectric function of the

host matrix with metal-semiconductor NPs inclusions taking as inputs the dielectric

function of both the host and the inclusions. The new proposed approach is used to
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calculate the effective dielectric function of the core-shell inclusions εCS as illustrated

in Figure 2.6. Then, the problem is reduced to the one of a matrix with spherical in-

clusions randomly distributed. This system is commonly solved by applying Maxwell

Garnett EMT or equivalent EMTs; taking as input the effective dielectric function of

the core-shell εCS and the host matrix εh, the effective dielectric function of the whole

system εeff is calculated. Therefore, the initial system (i.e., host material with core-

shell inclusions) is reduced to a homogeneous medium with dielectric function εeff

[79]. The Maxwell Garnett theory considers the case of inclusions randomly spread

Figure 2.6: Scheme of the effective medium of composite with spherical core-shell
type inclusions: the system formed by a composite with core-shell inclusions can be
reduced to that of a composite with homogeneous spheres with effective dielectric
function εCS. The value of εCS is obtained by applying an effective medium theory
on the core-shell inclusion, to calculate its effective dielectric function εeff [79].

in a continuous matrix. This theory is based on the Clausius Mossotti relation, which

relates the polarizability (α) with the dielectric function (ε). The effective dielectric
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function of a suspension of small spheres in a host material is given by

εeff − εh

εeff + 2εh

= f
εI − εh

εI + 2εh

. (2.7.1)

where εh and εI are the dielectric functions of host and inclusions materials, and f

is the volume fraction of the embedded particles. Because a core-shell nanoparticle

can be considered as an inclusion (core with dielectric function εC) in a host medium

(shell with dielectric function εS) where εI = εC and εh = εS, its effective dielectric

function can be expressed as

εeff = εC
(εC + 2εS) + 2f(εC − εS)

(εC + 2εS)− f(εC − εS)
. (2.7.2)

Again, f is the filling factor that in the case of a spherical nano-shell is given by

f = R3
c/R

3
S. Notice that when f = 1 (core-material particle) εeff = εC . On the

contrary, when f = 0 (shell-material particle) εeff = εS. Many authors have used

this EMT to model the response of core-shell NPs.

According to the concept of internal homogenization, a more complex approach

was introduced. The polarizability of the equivalent sphere is equated to that of a

core-shell in the electrostatic approximation. According to this, the effective dielectric

function for a core-shell NP in vacuum is given by [79]

εeff − 1

εeff + 2
=

(εS − 1)(εC + 2εS)f(εC − εS)(1 + 2εS)

(εS + 2)(εC + 2εS) + 2f(εC − 1)(εC − εS)
, (2.7.3)

where f is the previously defined filling factor. By rearranging Equation (2.7.3),

the effective dielectric function can be expressed as the one given by an MG EMT,

Equation (2.7.2), assuming a core embedded in a shell material medium with a filling

factor of f . This equation that is independent of the particle size is only valid in the
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regime in which the size of the particle is much smaller than the incident wavelength

(electrostatic approximation)[79].

The Maxwell Garnett(MG) approximation, also known as the Clausius-Mossotti

approximation, is one of the most widely used methods for calculating the bulk di-

electric properties of inhomogeneous materials [80, 81]. It is useful when one of the

components can be considered as a host in which inclusions of the other components

are embedded. It involves an exact calculation of the field induced in the uniform

host by a single spherical or ellipsoidal inclusion and an approximate treatment of

its distortion by the electrostatic interaction between the different inclusions. This

distortion is caused by the charge dipoles and higher multipoles induced in the other

inclusions. The induced dipole moments cause the longest range distortions and their

average effect is included in the MG approximation which results in a uniform field

inside all the inclusions. This approach has been extensively used for studying the

properties of two-component mixtures in which both the host and the inclusions are

isotropic materials with scalar dielectric coefficients. It has also been applied in the

study of the Hall effect in inhomogeneous materials, where the components have ten-

sor electrical conductivities under applied magnetic field. There are many possible

locally anisotropic inhomogeneous materials in which the local dielectric coefficient is

a tensor. Many studies use the effective-medium approximation [82]. This approxima-

tion is based on a self consistent procedure in which a grain of one of the components

is assumed to have a convenient shape (usually spherical or ellipsoidal) and to be

embedded in an effective medium whose properties are determined self-consistently.
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2.8 The Optical Responses of the Dielectric/Metal

Core/Shell Nanoparticles

The MG theory assumes that the field across the spherical inclusions in the matrix

is uniform. This assumption allows the calculation of polarizability of each spher-

ical inclusion. Let us consider a heterogeneous medium where the matrix material

has relative permittivity εmat and the spherical nanoparticle inclusions have relative

permittivity of εinc. We can deduce the dipole polarizability of the nanoparticles as

α = 4πa3 εinc − εmat

εinc + 2εmat

, (2.8.1)

where α is the dipole polarizability of each nanoparticle, and a is the radius of the

nanoparticle. The effective relative permittivity (εeff ) of the ensemble can be evalu-

ated from the Clausius Mossotti (CM) equation. We have

εeff = εmat[(1 +
f
ν
α

1− fα
3ν

)] (2.8.2)

Here, f is the volume filling fraction of the ensemble and ν is the volume of the

nanoparticle. The MG theory models the individual inclusions as dipoles only and

the overall polarizability of the medium is modeled as an average of the individual

dipole polarizabilities of the inclusions [71].

The electric field of a dipole embedded in a uniform unbounded medium with

permittivity εh is given by [83]

Edip =
1

4πεhr3
[3(p · êr)êr − p], (2.8.3)

where p = qd is a dipole moment, êr is the unit radial vector, and r is the radial
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distance from the center of the dipole.

The polarizability of dielectric core/metal shell geometry is given by:

α = V
(εm − εd)(εc + 2εm) + f(εc − εm)(εd + 2εm)

(εm + 2εd)(εc + 2εm) + 2f(εm − εd)(εc − 2εm)
, (2.8.4)

where εc, εm and εd are the dielectric functions of the core, metal and surrounding

dielectric respectively. The fill fraction, f, is the fraction of the volume occupied by

the core, f = ( rc

rm
)3. As the fraction approaches one, the resonance condition in terms

of εm moves to more negative values, and the LSPR red-shifted2.7[84].

Figure 2.7: The real part of the polarizability of core-shell nanoparticle with fixed
shell radius as r2 = 160nm.

The plasmon resonance frequency depends on the dielectric function of the sur-

rounding environment, the dielectric function and size of the core semiconductor and

the coated metal. The effect of coating a core/shell QDs with a plasmonic metals is

to shift the SP frequency in the desired region of EM spectrum.
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2.9 The Refractive Index and Energy Gap of Semi-

conductors

The refractive index and energy gap of semiconductors represent two fundamental

physical aspects that characterize their optical and electronic properties. The appli-

cations of semiconductors as electronic, optical and optoelectronic devices are very

much determined by the nature and magnitude of these two elementary material

properties. These properties also aid in the performance assessment of band gap

engineered structures for continuous and optimal absorption of broad band spectral

sources. In addition, devices such as photonic crystals, wave guides, solar cells and

detectors require a pre-knowledge of the refractive index and energy gap. Application

specific coating technologies (ASPECT TM) including antireflection coatings and op-

tical filters rely on the spectral properties of materials. The energy gap determines

the threshold for absorption of photons in semiconductors. The refractive index in

the semiconductor is a measure of its transparency to incident spectral radiation.

A correlation between these two fundamental properties has significant bearing on

the band structure of semiconductors. Recently it reported that, the absorption of

an optical quantum will raise an electron in alkali halides to an excited state rather

than freeing it from the center[85]. Thermal energy then moves this electron to the

conduction band from the lattice. Such a photo effect takes place in imperfections

at certain lattice points, and thus, the electron behaves similar to an electron in an

isolated atom with a dielectric constant of the bulk material. As a result of this

effective dielectric constant, εeff , the energy levels of the electron are scaled down

by a factor of 1/ε2
eff which approximately corresponds to the square of the refractive

index, n. This factor, thus, should be proportional to the energy required to raise
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an electron in the lattice to an excited state as given by the Bohr formula for the

ionization energy, E, of the hydrogen atom, E = 2π2m∗e4/e2h2 [86], where, m∗ is the

electron effective mass, e is the electronic charge, e is the relative permittivity and h

is the Plank constant. This minimum energy determines the threshold wavelength,

λe, which then varies as the fourth power of the refractive index. Experimental data

on different photoconductive compounds show that the values of n4/λe were close to

throughout a range of refractive indices. The similarities in the quotient show that

the photoelectrons stem from the same type of lattice imperfections, or alternatively,

the binding energies to the different types of hydrogen-like centers are similar [86].

2.10 Optical Absorbance

An important parameter that is used to characterize the optical properties of a sample

is the absorbance. Assuming that the incident electromagnetic wave is polarized along

the positive z-axis, the intensity, I(z), of light that passes through a thickness z of a

sample is given by [87]

I(z) = I(0)e−αz, (2.10.1)

where I(0) is the intensity of light before passing through the sample (at z = 0) and

α is the absorption coefficient defined by

α =
4πn2

λ
. (2.10.2)

Here λ is the wavelength of the incident radiation and n2 is the imaginary part of the

refractive index.

The absorbance of the system is defined as A = ln[I(z)/I(0)]. In our case, setting



56

z = tAg in Eq. (2.10.1), we find that the absorbance to be:

A(λ) =
4πn2

λ
tAg, (2.10.3)

where tAg = r2 − r1 is the thickness of the silver shell.

Optical properties and enhanced optical-tunability of core/ shell nanoparticles

(NPs) are determined by shape, size, permittivity, and geometrical arrangement of

building blocks. However, the properties of magnetite core particles such as reactivity,

thermal stability, and optical properties could be investigated in order to achieve

overall stability of particles and the dispersibility of core particles.

2.11 Scattering and Absorption Cross-Sections

The scattering and absorption cross sections of a composite nanoparticle can be re-

lated to its polarizability. Within the quasi-static approximation, the corresponding

cross-sections are given by [70]

Cabs = kImα, Csca =
k4

6π
|α|2, (2.11.1)

where the wave vector k = 2π
√

εh

λ
with λ and εh being the wavelength of light

and permittivity of the surrounding medium, respectively. As the polarizability is

proportional to the volume, we can see that Csca depends on the square of the volume

while Cabs scales only linearly with volume. Therefore, small particles prevalently

absorb light, while the scattering process is dominant in large particles [88].

The sum of the scattering and absorption cross sections give the extinction cross

section Cext. Cext is a measure of the total effective area that the EM fields perceive

when interacting with the particle [89]. Thus,

Cext = Cabs + Csca. (2.11.2)
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The absorption, scattering, and extinction cross sections of the metallic NPs are often

normalized to the particles geometrical cross-sectional area projected on to a plane

perpendicular to the incident beam and expressed as [70, 90]

Qabs =
Cabs

G
,Qsca =

Csca

G
,Qext =

Cext

G
, (2.11.3)

where Qabs, Qsca and Qext are the absorption, scattering and extinction efficiencies

of the particle, respectively. G is the geometrical cross-sectional area projected on

to a plane perpendicular to the incident beam. For sufficiently small particles the

absorption and scattering efficiencies varies as [70]:

Qabs ∝
1

λ
, Qsca ∝ 1

λ4
. (2.11.4)

Equation (2.11.4) indicate that absorption is dominant relative to scattering in long

wavelength limits. In this limit, all the EM energy removed from the impinging

radiation transform in to work done to induce the dipole moment on the NP [91]. For

nanoparticles that are much smaller than the wavelength of light (R < 10) nm, only

the dipole oscillations contribute significantly to the extinction cross section [91]. In

view of Eq. (2.11.4), in the very small particle limit [92, 93]

Qext = Qabs. (2.11.5)



Chapter 3

Enhancement of the Optical
Response of Fe3O4@Ag Core-Shell
Nanoparticles

3.1 Introduction

Nanoscience and nanotechnology are recent revolutionary developments of science and

technology that are evolving at a very fast pace in the last few decades. Materials

in the nanometer size regime show behavior which are intermediate between that of

a macroscopic solid and an atomic or molecular system because of high surface to

volume ratio, quantum size effect, and electrodynamical interactions [94]. Nanoparti-

cles (NPs) made of noble metals like Au and Ag exhibit surface plasmonic resonance

(SPR) [95, 96]. Plasmonic effects enhance absorbance and scattering in the vicinity of

the plasmon resonances. Moreover, the intensity and position of plasmon resonance

in absorption spectra depend on the shape, size, and the embedding medium. SPR

has been used for biosensing, photothermal therapy applications [97, 98].

Core-shell nanoparticles are heterogeneous NPs composed of two or more materi-

als [99]. A wide range of organic and inorganic nanomaterial can be used for forming

58
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both, the core and the shell comprising core-shell NP [100]. Core/shell composite

nanostructures (NSs) have attracted much attention in recent years [101], which ex-

hibit diverse unique material properties [102], not shown by the core or the shell

materials alone, including monodispersion, core/shell operability, stability, and self-

assembly. Moreover, because of the strong exciton coupling effect between the surface

plasmon resonance (SPR) of the noble metal and the excitons of semiconductors [103],

[104] the noble metal/semiconductor core/shell composite nanostructure has been one

of the most promising composite for various applications.

Among the various inorganic semiconductor nanomaterials, magnetite (Fe3O4)

nanoparticles have attracted great attention due to the promising combination of size-

dependent electronic, optical, photochemical, and luminescent properties combined

with the availability, a great variety of attainable geometries of nano assemblies, low

toxicity [105, 106]. The broad spectrum of applications of Fe3O4 NPs, such as sen-

sors, solar cells, bioimaging, photocatalysis, UV-shielding, LEDs put forth rigorous

requirements for chemical, thermal, and photochemical stability of Fe3O4 NPs, ver-

satility of surface chemistry, control of the Fe3O4 NP size and compatibility of Fe3O4

NPs with water based bio-environments. Many of these issues can be successfully ad-

dressed by combining magnetite with noble metals in the form of host composites and

core/shell NPs. Indeed, magnetite/noble-metal core/shell nanocomposites find broad

potential applications because they cannot only combine the unique properties of

metals and semiconductors, but also generate novel electrical, optical, and, catalytic

properties due to the synergetic interaction between the metal and the semiconduc-

tor components [107, 108]. Due to its high optoelectronic efficiency relative to the

indirect band gap group-IV crystals, it is considered as a reliable material for visible
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and near-ultraviolet applications.

Silver-coated Fe3O4 nanohybrids have been used in a broad range of applications

including chemical and biological sensing [109], drug delivery [110, 111] catalytic re-

duction and are promising for water treatment(cleaning) and food preservation [112].

In addition, the as-prepared Fe3O4@Ag nanocomposites exhibit a self-sterilizing prop-

erty that avoids the formation of biofilms which are the most dangerous source capable

of spreading toxic bacteria into the environment [113], and hence has great applica-

tion in catalysis and agriculture [114], improving contrast of IMR in cancer detection

[115], for biosensor and ultra-high Raman spectroscopy [116, 117], in diagnostic and

therapeutic applications [118].

Many works have been attempted to combine Fe3O4 and Ag challenges on the

core/shell Fe3O4@Ag due to Surface Enhanced Raman Scattering (SERS) effect,

Localized Surface Plasmon Resonance (LSPR), where collective oscillations of free

conduction electrons in restricted curvature of metallic nanoparticles (MNPs) when

illuminated with incident light cause strong optical responses at the plasmon reso-

nance wavelength of MNPs as a non-propagating plasmon. An effective approach

for controlling and understanding the phenomena is as follows: shell thickness, core

diameter, electronic properties of shell and surrounding environment at two different

interfaces (outer interface between the surface and incident light, and inner interface

between metal and semiconductor), affect the plasmon resonance wavelength, light

scattering, absorption and extinction cross section of core/shell. LSPR causes some

suitable characteristics such as enhancement of electric field, localization of energy at

nanometer scale, and strongly enhanced absorption and scattering [119].
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Analysis of the optical response of nanoparticles thus requires measuring the ef-

fective permittivity, εeff , and permeability, µeff [121]. In this chapter, we studied

the optical response of the theoretically modeled Fe3O4@Ag core-shell nanoparti-

cles. Silver nanoparticle was selected as a shell on magnetite nanospheres, due to its

nontoxic, strong absorption in the UV and visible spectrum [122] and surface plas-

mon resonance (SPR) which plays a great role in determining the optical response of

nanoparticles.

The chapter is organized as follows: The effective permittivity and permeabil-

ity of the theoretically modelled magnetic-semiconductor/metal core/shell spherical

NP embedded in a dielectric host matrix are derived. Firstly, the equations for the

effective polarizabilities, and the refractive index are derived. Then, the numerical

results are presented and discussed. Specifically, we analyzed the optical responses of

Fe3O4@Ag core/shell NPs, namely the dielectric function, permeability, polarizabil-

ity, refractive index, and absorbance. Finally, concluding remarks are presented.

3.2 The Model

In this study, we considered a system of core-shell spherical nanoparticle composed of

a magnetic semiconducting core (Fe3O4) of radius r1 and an outer metallic (Ag) shell

of radius r2 embedded in a dielectric host matrix as shown in Fig. 3.1. Because of

the magnetite (Fe3O4) core with permeability, µ� 1, a complete description of the

optical properties of the system requires the accurate determination of its effective

permittivity εeff and permeability µeff . Accordingly, theoretical analysis is carried

out based on electrostatic approximation and the Maxwell-Garnet effective medium

theory to obtain εeff and µeff . Moreover, using these theoretically determined values,
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we calculated the relevant optical parameters such as the refractive index, the electric

and magnetic polarizability, and the absorbance of the modelled core-shell NPs.

Figure 3.1: Schematic of a core-shell spherical NPs embedded in a matrix. The
permittivities and permeabilities are ε1, µ1 for the core, ε2, µ2 for the shell, and, εh,
µh for the host matrix, respectively. Also, r1, r2 are the radii of the core and the
shell, and r is the distance from the center of the NP to an observation point.

3.2.1 Permittivity

When the composite core-shell NP is irradiated with an electromagnetic radiation,

electric field is induced in the system due to polarization. The distribution of the

electrostatic potential Φ associated with the induced field inside and outside of the NP

can be obtained by solving the Laplace equation, ∇2Φ = 0 in spherical coordinates.

Assume that the incident radiation is polarized along the positive z-axis and there is

an azimutual symmetry. Then, in the electrostatic approximation, i.e., the wavelength

of the incident electromagnetic wave is much greater than a typical size of the NPs, the

distribution of the electric potential in the system may be described by the following
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expressions:

Φ1(r, θ) = −EhAr cos θ, r < r1, (3.2.1)

Φ2(r, θ) = −Eh

(
B − C

r3

)
r cos θ, r1 < r < r2, (3.2.2)

Φh(r, θ) = −Eh

(
D − F

r3

)
r cos θ. r > r2. (3.2.3)

Here Φ1, Φ2, and Φh are the electric potentials in the core, metal shell, and the host

matrix, respectively. Eh is the magnitude of the applied field directed along the z-

axis, θ is the zenith angle, and r is the distance from the center of the NP to an

observation point. Also, the coefficients A, B, C, D and F are unknown constants

that can be determined using appropriate boundary conditions at the core/shell and

shell/host interfaces. At this point it is worth noting that the second term on the

right-side of Eq. (3.2.3) represents the induced potential outside the core-shell NP.

The total induced field outside the concentric spheres represents the optical response

of the system. Equivalently, the induced potential outside the concentric spheres is

given by

Φind =
FEh

r2
cos θ, (3.2.4)

where the coefficient, F , determined using the boundary condition is found to be(See

Appendix):

F =

[
(ε1 + 2ε2)(ε2 − εh) + νf (ε1 − ε2)(2ε2 + εh)

(ε1 + 2ε2)(ε2 + 2εh) + 2νf (ε1 − ε2)(ε2 − εh)

]
Dr3

2, (3.2.5)

where νf = (r1/r2)
3.

Note that Φind describes the superposition of the applied field and that of a dipole

located at the center of the NP. Introducing the dipole moment ~p, we may rewrite
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Φind as

Φind =
p cos θ

4πεhr2
, (3.2.6)

where p is the magnitude of the electric dipole moment. Using Eqs. (3.2.4) and

(3.2.6), we find that the dipole moment of the system to be ~p = 4πεhF ~Eh, or

~p = εhαD~Eh, (3.2.7)

where α is the polarizability of the core-shell plus host matrix composite system given

by

α = 4π

[
(ε1 + 2ε2)(ε2 − εh) + νf (ε1 − ε2)(2ε2 + εh)

(ε1 + 2ε2)(ε2 + 2εh) + 2νf (ε1 − ε2)(ε2 − εh)

]
r3
2. (3.2.8)

Note that here we are using the concept of internal homogenization of which the

polarizability of the equivalent sphere is equated to that of a core-shell in the electro-

static approximation. Accordingly, the effective dielectric function εcs for a core-shell

NP embedded in a host matrix of dielectric function εh is related to its polarizability

α by the Clausius-Mossotti relation as [123]-[125]

α = 4πr3
2

εcs − εh

εcs + 2εh

. (3.2.9)

In view of Eqs. (3.2.8) and (3.2.9), we note that the effective permittivity (the effective

dielectric function) of the core-shell spherical nanoinclusion is given by

εcs = ε2
(ε1 + 2ε2)r

3
2 + 2(ε1 − ε2)r

3
1

(ε1 + 2ε2)r3
2 − (ε1 − ε2)r3

1

. (3.2.10)

Furthermore, introducing the volume fraction, β, of the metal coated spherical core-

shell nanoparticle as

β = 1− νf , (3.2.11)
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Eq. (3.2.10) for the effective dielectric function of the core-shell composite material

takes the form:

εcs = ε2
ε1(3/β − 2) + 2ε2

ε1 + ε2(3/β − 1)
. (3.2.12)

Now, consider the system composed of a finite number of core-shell NPs uniformly

dispersed in a host matrix as shown in Fig. 3.1. Suppose N is the density number of

the inclusions (NPs) in the system. Then, the polarizability and the effective permit-

tivity of the system can be described by using the Clausius-Mossotti relation together

with the Maxwell-Garnet mixing theory. Accordingly, the electric polarizability and

the effective permittivity are related by [126]

Nα

3
=

εeff − εh

εeff + 2εh

, (3.2.13)

where εeff is the effective dielectric function of the system and α is the polarizability

defined by Eq. (3.2.9). Further, substituting Eq. (3.2.8) into (3.2.13) and manipu-

lating, we get

εeff = εh

(
1 + 2fαeff

1− fαeff

)
, (3.2.14)

where f is the filling factor (the volume fraction of inclusions in the composite) of

the core-shell NPs defined by

f =
4πr3

2

3
N, (3.2.15)

and αeff = α/(4πr3
2) is the dimensionless effective electric polarizability of the inclu-

sion given by

αeff =
εcs − εh

εcs + 2εh

. (3.2.16)

3.2.2 Permeability

From magnetostatics, we have ∇ × ~H = ~J , where ~H is the field strength and ~J is

the current density. If ~J = 0, then ∇× ~H = 0, so that we may introduce a magnetic
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scalar potential ΦM such that ~H = −∇ΦM , similar to that in electrostatics. Further,

if µ is spatial independent, then ∇ · ~B = 0 results to

∇2Φm = 0. (3.2.17)

That means that the magnetic scalar potential ΦM satisfies the Laplace equation.

Now, consider the system of core-shell spherical NPs with a magnetic core and a

nobel metal shell uniformly dispersed in a dielectric host matrix (see Fig. 3.1). For

such systems, an electromagnetic wave incident on the system induces not only an

electric polarization but also magnetization. Then, similar to that employed for the

electrostatic fields the solution of the Laplace equation for the scalar potential, Φm,

in the various regions may be assumed to be given by the following equations [127]:

Φm1(r, φ) = −HyA1mr cosφ, r < r1 (3.2.18)

Φm2(r, φ) = −Hy

(
A2m −

B1m

r3

)
r cosφ, r1 < r < r2, (3.2.19)

Φmh(r, φ) = −Hy

(
A3m −

B2m

r3

)
r cosφ, r > r2 (3.2.20)

where Φm1, Φm2, and Φmh are the magnetic potentials in the magnetic semiconductor

core, the metallic shell, and the host matrix, respectively. Hy is the magnitude of the

applied field (with Hy directed along the positive y-axis), φ is an ‘azimuthal’ angle

measured with respect to the +y-axis, r is the distance from the center of the NP

to an observation point. A1m, A2m, A3m, B1m, and B2m are unknown coefficients

that need to be determined using the boundary conditions for the H-field. Note

that the second term on the right-side of Eq. (3.2.20) represents the magnetic scalar
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potential outside the core-shell NP due to the induced magnetic dipole. Note that

the system’s response due to the magnetic component of the applied field is described

by the induced field outside the concentric spheres. Hence, we need to find only the

coefficient B2m, i.e., imposing the appropriate boundary condition, it is found to have

the form:

B2m =

[
(µ1 + 2µ2)µ2h + νf (2µ2 + µh)µ12

(µ1 + 2µ2)(µ2 + 2µh) + 2νfµ12µ2h

]
A3m r3

2, (3.2.21)

where νf = (r1/r2)
3, and introduced the following notations µ12 = µ1 − µ2, and

µ2h = µ2 − µh.

Hence, the induced magnetic scalar field, Φmi, outside the core-shell NP becomes

Φmi =
HyB2m

r2
cosφ, (3.2.22)

where the coefficient, B2m is given by Eq. (3.2.21).

Note that Φmi describes the superposition of the applied field and that of a mag-

netic dipole located at the center of the NP. But, the scalar potential outside the NP

may be given by [127]

Φmi =
m

4πr2
cosφ, (3.2.23)

where m is the magnitude of the magnetic dipole moment, ~m. Then, combining Eqs.

(3.2.22) and (3.2.23), we get ~m = 4πB2mHyŷ, or

~m = κmA3mHyŷ, (3.2.24)

where κm is the magnetic susceptibility of the core-shell NP embedded in the host

with permeability µh given by

κm = 4π

[
(µ1 + 2µ2)µ2h + νf (2µ2 + µh)µ12

(µ1 + 2µ2)(µ2 + 2µh) + 2νfµ12µ2h

]
r3
2. (3.2.25)
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The effective permeability µcs for a core-shell NP embedded in the host matrix of

permeability µh may be related to its susceptibility κm by the Clausius-Mossotti

relation as

κm = 4πr3
2

µcs − µh

µcs + 2µh

, (3.2.26)

Substituting Eq. (3.2.25) into (3.2.26) and simplifying, we obtain the effective per-

meability of the core-shell spherical NP to be

µcs = µ2

[
(µ1 + 2µ2) + 2νf (µ1 − µ2)

(µ1 + 2µ2) + νf (µ2 − µ1)

]
. (3.2.27)

Further, using β = 1 − νf which is the volume fraction of the metal coated spher-

ical core-shell NP defined by Eq. (3.2.11), Eq. (3.2.27) for the effective magnetic

permeability of the composite material becomes

µcs = µ2

[
µ1(3/β − 2) + 2µ2

µ1 + µ2(3/β − 1)

]
. (3.2.28)

Now, consider the ensemble that is composed of the core-shell NPs homogeneously

embedded in the host matrix (see Fig. 3.1). Suppose N is the density number

the inclusions (NPs) in the system. Then, using the Clausius-Mossotti relation and

the Maxwell-Garnet mixing theory, the magnetic polarizability and permeability are

related by [126]-[128]

Nκm

3
=

µeff − µh

µeff + 2µh

, (3.2.29)

where µeff is the effective magnetic permeability of the ensemble and κm is the

magnetic polarizability defined by Eq. (3.2.26).

Further, substituting Eq. (3.2.26) into (3.2.29) and manipulating, we get

µeff = µh

(
1 + 2fκeff

1− fκeff

)
, (3.2.30)
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where f = 4πNr3
2/3 is the filling factor (the volume fraction of inclusions in the

composite) of the core-shell NPs defined by Eq. (3.2.15) and κeff = κm/(4πr
3
2) is the

dimensionless magnetic polarizability which is given by

κeff =
µcs − µh

µcs + 2µh

. (3.2.31)

3.3 Optical Properties of Fe3O4@Ag NPs

In this section, we derive the equations for the optical parameters, i.e., the refrac-

tive index and the polarizability of a system composed of Fe3O4@Ag core-shell NPs

embedded in a liquid/water. Hence, in order to get an explicit expression for the re-

fractive index (n), we must fix the permittivities and permeabilities of the constituents

(i.e., the magnetic core, metallic shell, and host matrix).

Now we consider the ‘bare’ metallic (Ag) shell. Note that its response to incident

electromagnetic wave (EMW) is solely described by the dielectric function (permit-

tivity) with the permeability being equal to unity (µ2 = 1). Therefore, we choose

the frequency dependent complex dielectric function of the metallic (Ag) to have the

Drude form given by

ε2(ω) = ε∞ −
ω2

p

ω(ω + iγ)
, (3.3.1)

where the constant ε∞ is the permittivity at high frequencies, ωp is the plasma fre-

quency, γ is the damping parameter, and ω is the frequency of the incident radiation.

Further, separating the real and imaginary parts of Eq. (3.3.1), i.e., ε2 = ε
′
2 + iε

′′
2 , we

obtain the following:

ε
′

2(ω) = ε∞ −
ω2

p

ω2 + γ2
, (3.3.2)
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and

ε
′′

2(ω) =
γω2

p

ω(ω2 + γ2)
, (3.3.3)

where ε
′
2(ω) and ε

′′
2(ω), respectively, are the real and imaginary parts of ε2.

It is worth noting that the dielectric function of metals, in particular the noble

and alkali metals, vary significantly as a function of the frequency of the incident

light in the visible spectral region. However, in the same spectral region the dielectric

function for magnetite varies very little with frequency compared with that of the

metal. Hence, without loss of generality we assumed both the permittivity (ε1) and

permeability (µ1) of magnetite as well as the permittivity of the host (εh) to be real

constants independent of frequency.

3.3.1 Effective Electric and Magnetic Polarizabilities

The effective electric polarizability of the system may be obtained by substituting

Eq. (3.2.12) into (3.2.16), i.e.,

αeff = 1− 3

2

[
ε1εh + ε2εh(3/β − 1)

ε1εh + ε2εh(3/β − 1) + ε1ε2[3/(2β)− 1] + ε2
2

]
. (3.3.4)

Because εeff for the system is complex, the effective electric polarizability αeff , de-

fined by Eq. (3.3.4) is also complex, which may be written as

αeff = α
′

eff + iα
′′

eff , (3.3.5)

where α
′

eff and α
′′

eff are its real and imaginary parts, respectively. Substituting

ε2 = ε
′
2 + iε

′′
2 into (3.3.4), we get

α
′

eff = 1− 3

2

[
(ε

′
2φ

′ + ε1εh)ϕ
′ + (ε

′′
2φ

′)ψ

ϕ′2 + ψ2

]
, (3.3.6)

and

α
′′

eff =
3

2

[
(ε

′
2φ

′ + ε1εh)ψ − (ε
′′
2φ

′)ϕ′

(ϕ′)2 + ψ2

]
, (3.3.7)
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where

φ′ = εh

(
3

β
− 1

)
,

η = φ′ + ε1

(
3

2β
− 1

)
,

ϕ′ = (ε
′

2)
2 − (ε

′′

2)
2 + ε

′

2η + ε1εh,

ψ = 2ε
′

2ε
′′

2 + ε
′′

2η.

Similarly, substituting Eq. (3.2.28) into (3.2.31), we find the effective magnetic

polarizability to be:

κeff = 1− 3

2

(
µ1µh + µ2∆

µ1µh + µ2∆ + µ1φ+ µ2
2

)
. (3.3.8)

where

∆ = µh

(
3

β
− 1

)
,

φ = µ2

(
3

2β
− 1

)
,

In particular, for the case where µ1 is a real constant and µ2 = µh = 1.0 (nonmag-

netic), we find that Eq. (3.3.8) reduces to:

κeff = 1−
[
3 + β(µ1 − 1)

µ1 + 2

]
, (3.3.9)

and the corresponding effective permeability, Eq. (3.2.30), becomes

µeff = 1− 3f(β − 1)(µ1 − 1)

(µ1 + 2) + f(β − 1)(µ1 − 1)
. (3.3.10)

Note that both κeff and µeff of Eqs. (3.3.9) and (3.3.10) are real constants.
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3.3.2 Effective Refractive Index

The complex refractive index ñ of the the system consisting of spherical core-shell

composite NSs embedded in a matrix may be defined as

ñ(ω) =
√
εeffµeff , (3.3.11)

where εeff and µeff are the effective permittivity and permeability of the system

given by Eqs. (3.2.14) and (3.2.30), respectively. Now, using εeff = ε
′

eff + iε
′′

eff and

µeff = const, Eq. (3.3.11) may be written as

ñ =
√

(ε
′
effµeff ) + i(ε

′′
effµeff ), (3.3.12)

Further, introducing

ñ = n1 + in2, (3.3.13)

where n1 and n2 are the real and imaginary parts, respectively. Then, squaring Eq.

(3.3.13), we get

ñ2 = (n2
1 − n2

2) + i(2n1n2). (3.3.14)

Also, squaring Eq. (3.3.12), equating with Eq. (3.3.14), and manipulating, we find

that the real and imaginary parts of the refractive index takes the form

n1 =
1√
2

[
µeff (ε

′2
eff + ε

′′2
eff )

1/2 + ε
′

effµeff

]1/2
, (3.3.15)

and

n2 =
1√
2

[
µeff (ε

′2
eff + ε

′′2
eff )

1/2 − ε
′

effµeff

]1/2
. (3.3.16)

It is worth noting that the phase velocity of the wave propagating in the medium is

described by real part of refractive index, n1, and the attenuation of the wave as it

propagates through the medium is determined by its imaginary part, n2. [127]
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3.4 Numerical Analysis

In this section, we present the numerical analysis performed to characterize the optical

response of the theoretically modeled spherical Fe3O4@Ag core-shell NPs embedded

in a dielectric host matrix. We used Wolfram Mathematica (9 and 10) Software

codes for numerical evaluation, optimization and visualization of a very wide range

of numerical functions. In particular, the electric and magnetic polarizabilities, the

refractive index, and the absorbance under different conditions (i.e., varying β, f and

εh) will be simulated. The parameter values used are ε∞ = 4.5, ωp = 1.46×1016 rad/s

and γ = 1.67×1013 rad/s for the silver shell; and ε1 = 5.85 and µ1 = 9.0 for magnetite.

3.4.1 Electric Polarizability

The real and imaginary parts of the dimensionless electric polarizabilities (α
′

eff and

α
′′

eff , respectively) of the spherical Fe3O4@Ag nanoinclusions as a function of the

wavelength of the incident radiation for different values of the metal fraction (the

volume fraction of the metal coated β), and constant values of εh = 1.77 and NPs

size r2 = 30 nm are depicted in Fig. 3.2. Both the graphs of α
′

eff and α
′′

eff shows

that, it possess two set of resonance peaks - the first in the UV region in the vicinity

of the wavelength λ = 300 nm and the second peaks in the visible spectral region

above the wavelength of λ = 420 nm. The first and second sets of peaks arise

due to the coupling/interactions of the surface plasmon oscillations of silver with

the semiconductor/dielectric at the inner (Fe3O4/Ag) and outer (Ag/host) interfaces

and/or to near-field inter-particle interaction, respectively.

Moreover, it is found that the polarizabilities, α
′

eff and α
′′

eff , increases as the value

of the metal fraction β is increased (or equivalently as the core radius r1 is decreased).
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Figure 3.2: The real (a) and imaginary (b) parts of the electric polarizability versus
wavelength for different values of β; with εh = 1.77 and r2 = 30 nm fixed constant.

Moreover, the second set of peaks are more pronounced than the first set. This may be

explained with the fact that the surface area of the outer surface (Ag/host interface)

of the Ag shell is larger than that of the inner surface area (magnetite/Ag interface),

and hence large number of carriers available at the outer interface than the inner.

The analysis also shows that when β is increased, the first set of peaks in the

UV region are red-shifted which is mainly attributed to the decrease of the size of

the NPs, i.e., the semiconducting Fe3O4 core. On the other hand, the second set

of peaks are blue-shifted with an increase of β, due to an increase in the thickness

of the metallic shell. Indeed, the two resonance peaks corresponding to each NPs

become closer and closer to each other as β is increased indicating that the metallic

shell plays the dominant role in determining both the real and imaginary parts of the

electric polarizability.
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3.4.2 Refractive Index

In this section, the real and imaginary parts of the refractive index of Fe3O4@Ag

core-shell spherical nanoinclusions are numerically analyzed using Eqs. (3.3.15) and

(3.3.16) together with the corresponding expressions for εeff and µeff , i.e., Eqs.

(3.2.14) and (3.2.30). The following parameter values are used: ε1 = 5.85 and µ1 = 9.0

for Fe3O4 with the other parameters being the same as that used in Section 3.4.1.

Figure 3.3 depicts the graphs of the real (n1(λ)) and imaginary (n2(λ)) parts of

the refractive index of the spherical nanoinclusions as a function of the wavelength

of the incident radiation for different values of β. As the Figures show, there are

two sets of resonance peaks. The first set of peaks for both n1 and n2 are located

around λ = 300 nm in the UV region and is linked to the dispersion/absorption at

the inner (magnetite/Ag) interface. The second set of peaks are those found above

the wavelength of λ = 420 nm all in the visible spectral region, which are connected

to Ag/host interface. As it is seen from the graphs, propagation of light/photon is

more pronounced in the second set of peaks than the first set of peaks. As it can

be clearly seen from Fig. 3.3, the effect of decreasing the radius of the core, i.e.,

increasing β, results in a decrease of the refractive index; accompanied with a slight

blue shift in the first set of peaks and red shift in the second set of peaks. In addition,

the resonances for each NPs gets more closer to each other, when the metal fraction

β is increased.

For Fe3O4@Ag nanostructure, the Fermi level of Ag is near ‘weak’ energy levels

of Fe3O4; therefore, electrons can be transferred readily from the Ag weak energy

levels to the Fermi level of Fe3O4, where these electrons are excited by incident

ray. The energy level of these excited electrons is near the conduction band of Ag;



76

Figure 3.3: The real (a) and imaginary (b) parts of the refractive index versus wave-
length for different values of β. Also, f = 0.001, r2 = 30 nm, and εh = 1.77.

therefore, these excited electrons are transferred to the conduction band of Ag where

they become a part of the electron/hole recombination process, increasing the near

band edge emission. As a consequence of the electrons transfer, the visible emission

will be reduced and will be enhanced which is in agreement to that reported in Ref.

[129]. This maximum value of refractive index can be used for medical application in

nanofields like cancer treatment, cancer detection.

In addition to the metal fraction β, the refractive index of the system depends on

other factors such as the surrounding medium (the dielectric function εh of the host

matrix) and the filling factor. The effect of the dielectric function εh on the real and

imaginary parts of the refractive index of an ensemble of spherical Fe3O4@Ag NPs

embedded in a host matrix as a function of the wavelength of the incident radiation is

shown in Fig. 3.4. It is shown that as εh is increased from 1.00− 2.25 in steps of 0.25

the the resonance peaks of both n1(λ) and n2(λ) increase with the peaks of the second

set located above λ = 460 nm more pronounced than the first set of peaks located
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Figure 3.4: The real (a) and imaginary (b) parts of the refractive index as a function of
wavelength for different values of the dielectric function of the host, εh; with β = 0.65,
r2 = 30 nm and f = 0.001.

around λ = 300 nm. Both set of peaks shift toward high wavelength regions (red

shift) with an increase in εh. Moreover, for each values of εh the “reference” value of

the real part of the refractive index, which is given by n1 =
√
εh, shifts upward along

the n1-axis as the value of εh is increased.

Figure 3.5 shows the dependence of the real and imaginary parts of the refractive

index of the system on the filling fraction ( the volume fraction of inclusions in the

composite) f ; versus wavelength for fixed values of β, r2, and εh. The Figure depicts

that there are two sets of resonance peaks for both the n1(λ) and n2(λ), located on

either sides of λ = 300 nm (first sets shown as insets) and λ = 506 nm (second

peaks). It is seen that all the peaks get larger and larger as filling factor is increased

from f = 0.001− 0.006, in steps of 0.001. In other words, when the filling factor (f)

is increased, the intensity of the refractive index is highly enhanced suggesting that

the shell thickness and the density of the packed nanosphere arrays can play great

role to improve the photoluminescence [130]. It is worth noting that unlike that of
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Figure 3.5: The real (a) and imaginary (b) parts of the refractive index versus wave-
length for different values of filling fraction, f ; with β = 0.65, r2 = 30 nm and
εh = 1.77.

observed with β and εh (see Figs. 3.3 and 3.4), varying the filling fraction f does not

result to a shift of the resonance peaks of both the real and imaginary parts of n, i.e.,

it only results in their enhancement with no significant shift observed in the location

of the peaks which is in a good agrement with the result recently reported [120].

3.5 Optical Absorbance

An important parameter that is used to characterize the optical properties of a sample

is the absorbance. Assuming that the incident electromagnetic wave is polarized along

the positive z-axis, the intensity, I(z), of light that passes through a thickness z of a

sample is given by [130]

I(z) = I(0)e−αz, (3.5.1)
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where I(0) is the intensity of light before passing through the sample (at z = 0) and

α is the absorption coefficient defined by

α =
4πn2

λ
. (3.5.2)

Here λ is the wavelength of the incident radiation and n2 is the imaginary part of the

refractive index.

The absorbance of the system is defined as A = ln[I(z)/I(0)]. In our case, setting

z = tAg in Eq. (3.5.1), we find that the absorbance to be:

A(λ) =
4πn2

λ
tAg, (3.5.3)

where tAg = r2 − r1 is the thickness of the silver shell.

Optical properties and enhanced optical-tunability of core/ shell nanoparticles

(NPs) are determined by shape, size, permittivity, and geometrical arrangement of

building blocks. However, the properties of magnetite core particles such as reactivity,

thermal stability, and optical properties could be investigated in order to achieve

overall stability of particles and the dispersibility of core particles.

The graphs of the optical absorbance of an ensemble of spherical Fe3O4@Ag

nanoparticles embedded in a dielectric host matrix (εh = 1.77) versus wavelength

for different values of β (or thickness tAg) of the metallic shell are shown in Fig.

3.6. The filling fraction and the size of the NPs are kept constant - f = 0.001 and

r2 = 30 nm, respectively. The figure shows that there are two sets of absorption

peaks - the first in the UV spectral region in the vicinity of λ = 300 nm and the

second set located in the visible region above λ = 420 nm. It is seen that as tAg

is increased the absorption peaks of the first set of resonant peaks in the UV region

increases with the peaks shifting towards low energy values (red shift) and the second
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Figure 3.6: The absorbance versus wavelength for different values of β; with f =
0.001, r2 = 30 nm and εh = 1.77.

set of peaks also increases with a shift towards high energy values (blue shift). It is

worth noting that the absorption peaks of the first sets arise due to near band edge

absorption of the free exciton recombination while the red shift of the absorption edge

with an increase of tAg (or a decrease of the core radius r1) is attributed to increase

in the energy gap of the core nanoparticles [125]. On the other hand, the absorption

peaks of the second set located above the wavelength of λ = 420 nm arises due to

the deep level emissions which are attributed to the surface plasmon resonance of

silver nanoshell - this explains as to why the absorption peaks gets enhanced as well

as blue shifted as the thickness of the silver shell increased from 7.5 − 15.0 nm (or

β = 0.578 − 0.875). Furthermore, the effect of varying the dielectric host matrix εh

on the optical absorbance as a function of the wavelength of the incident radiation

is plotted as shown in Fig. 3.7. Here, the following parameter values kept constant:

f = 0.001, r2 = 30 nm and β = 0.65. It shows that the absorbance have two sets of

peaks - the first around λ = 300 nm in the UV region and the second peaks located
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Figure 3.7: The absorbance versus wavelength for different values of εh; with β = 0.65,
r2 = 30 nm and f = 0.001.

above λ = 465 nm in the visible spectral region. In addition, unlike that obtained

in Fig. 3.6 both sets of resonance peaks are red shifted as the value of the dielectric

function of the host matrix is increased. Also, it is found that both sets of absorbance

peaks increase as εh is increased with more enhancement being observed in the sec-

ond set of peaks than the first. The absorption efficiency spectra of Fe3O4 NPs with

different radius coated by Ag outer shell thickness and the LSPR peak wavelength of

Fe3O4@Ag NPs with the volume fraction of the shell which is in good agrement with

Refs [125]-[132].

Figure 3.8 shows the dependence of the optical absorbance on the filling factor f

as a function of the wavelength of the incident radiation, with the following parameter

values kept constant: β = 0.65, r2 = 30 nm and εh = 1.7689. It can be observed

that both sets of resonance peaks of the absorbance increase with an increase of the

filling factor from f = 0.001− 0.006 in steps of 0.001; with no significant shift in the

respective peaks position in which it is in a good agreement with the result reported
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Figure 3.8: The absorbance versus wavelength for different values of metal fraction,
f ; with β = 0.65, r2 = 30 nm and εh = 1.77.

by [120]. The inset highlights the set of peaks located around λ = 300 nm.

3.6 Conclusions

In this chapter, we investigated the effects of changing the metal fraction, host ma-

trix, and filling fraction on the optical properties of systems of spherical core/shell

Fe3O4@Ag nanoparticles embedded in a dielectric matrix. It is found that the real

and imaginary parts of the polarizability, and refractive index as well as the optical

absorbance of the system plotted for different values of β as a function of wavelength

possess two sets of resonance peaks in the UV (in the vicinity of λ ∼ 300 nm) and

visible (above λ ∼ 420 nm) spectral regions. These sets of peaks arise due to the

coupling/interactions of the surface plasmon oscillations of silver with the semicon-

ductor/dielectric at the inner (Fe3O4/Ag) and outer (Ag/host) interfaces and/or to

near-field inter-particle interaction. Moreover, when β is increased, the first set of

peaks in the UV region are red-shifted which is mainly attributed the decrease of the
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size of the semiconducting Fe3O4 core, while the second set of peaks are blue-shifted

with an increase of β, due to an increase in the thickness of the metallic shell.

Furthermore, the graphs of the real and imaginary parts of the refractive index

and absorbance as a function of wavelength for different values of host matrix (for

fixed β = 0.65 and f = 0.001) possess two set of peaks - the first in the UV (around

λ ∼ 300 nm) and the second in the visible (above λ ∼ 460 nm) spectral regions.

It is found that with an increase in the permittivity εh of the host, n1, n2, and the

absorbance A are enhanced accompanied. In this case, both sets of peaks are red

shifted with an increase in εh. We also found that the increase in f enhances the

peak intensity without a shift in position for all cases.

Finally, the enhancement of the optical properties of the system (spherical core/shell

Fe3O4@Ag nanoparticles embedded in a dielectric host matrix) is because of the

strong coupling/ interactions of the surface plasmon oscillations of silver with the

semiconductor/dielectric at the inner (Fe3O4/Ag)nano-core. It means that the sil-

ver nanoshell strongly modify the optical properties of Fe3O4 nanoparticles which

correspondingly alter/modify its potential applications.

The results obtained may be utilized in device fabrication and applications that

integrates the plasmonic effects of noble metals with magnetic semiconductors (e.g.,

Fe3O4) in a core/shell nanostructure.



Chapter 4

The Effect of Surface Plasmonic
Resonances on Magneto-Plasmonic
Fe3O4@Ag Spherical Core-Shell
Nanoparticles

4.1 Introduction

A great attention has been given to the development of nanomaterials as they ex-

hibit unique material properties as compared to their bulk counterpart. These unique

properties includes optical, magnetic, specific heat, melting point, surface activities,

chemical and biological properties [133]. Nanomaterials forms heterogeneous struc-

tures composed of a noble metal and a semiconductor. These peculiar type of systems

offers to design materials with novel and unique physical chemistry properties. As iso-

lated systems, the optical properties of semiconductor quantum dots (QDs) and noble

metal nanoparticles (NPs) are characterized by excitons and plasmons, respectively.

In both cases, the required wavelengths to produce such excitations are governed

mainly by the nanoparticle nature, size, shape, and local environment [36].

84
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As an important class of nanomaterials, core-shell nanoparticles (NPs) that inte-

grate two dissimilar materials with distinct functionalities have attracted more and

more attention, since they have emerged at the frontier between materials chemistry

and many other fields, such as biomedical, optics, catalysis. Because core-shell NPs

enable the synergistic coupling of the two constituents, they could offer the modified

properties by changing either the constituting materials or the core to shell ratio.

Therefore, this nanostructure can meet the diverse application requirements. Among

various core-shell NPs, magnetic/noble metal hybrid NPs have been widely studied as

they possess intriguing magnetic/plasmonic and magnetic/catalytic properties, and

they can be used in many fields, for example optical devices, chemical reactions as

magnetically recyclable catalysts, bioimaging, targeted drug delivery. Ag-based mag-

netic hybrid NPs play an important role in specially chemistry, physics and material

science. By varying the size of the Fe3O4 cores and Ag shell, the optical properties

of nanohybrids can be tuned in a broad spectral ranges [134].

Magnetic and/or plasmonic nanostructures demonstrate multiple properties not

present in individual nanomaterials. Such materials offer the advantage of being ma-

nipulated by an external magnetic field, showing tunable optical properties being

adjustable in accordance with modifying shell thickness. Experimental and compu-

tational studies by [135] shows that the higher the magnetization in magnetic core

nanoparticles, the more is the suitable response toward the exposed magnetic field

and the higher the effectiveness in nanomedical diagnostics. Magnetic-plasmonic core

shell NPs possess dual magnetic and plasmonic properties and have widespread ap-

plications in biomedical fields. The magnetic cores such as iron-oxide (IO) are greatly

desired for applications such as magnetic separation, magnetic resonance imaging or
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magnetic guided drug delivery. The IO-cores can be chemically stabilized by coating

them with noble metals, which not only provides a chemically inert surface, but also

introduces interesting plasmonic properties which can be utilized for sensing, imaging,

and photothermal therapy [136].

The possibility of building new nanostructures by mixing noble metals Ag and

magnetic Fe3O4 nanoparticles (NPs) opens up a wide spectrum of desirable syner-

gistic and complementary effects. One of the challenges is the conjunction of these

two dissimilar materials in a controlled way. Thus, great efforts have been made

on synthetic routes to command the bonding of the heteroparticle [137]. The plas-

mon resonance wavelength, light scattering, absorption and extinction cross-section

of core-shell are affected by shell thickness, core diameter, electronic properties of

shell and surrounding environment at outer interface between the surface and inci-

dent light, and inner interface between metal and semiconductor. Localized surface

plasmon resonance gives rise to an enhancement of electric field, localization of energy

at nanometer scale, and strongly enhanced absorption and scattering of light.

Magnetic nanoparticles with a core-shell structure promises for many applications

due to their multi-functionality including optical, electronic, and magnetic proper-

ties [138]. In particular, these Fe3O4@Ag core-shell NPs combine the magnetic and

optical properties of Fe3O4 and Ag together, exhibiting great potential in the fields

of bio-related separation, ultrasensitive detection and cellular imaging [134]. Fe3O4

(Magnetite) is one of the magnetic nanoparticles. Different reports are demonstrat-

ing that magnetic Fe3O4 can be used for waste water purification, such as to adsorb

arsenite, arsenate, cadmium, nickel [139, 140] used to remove alkalinity and hard-

ness, desalination, decolourization of pulp milleffluent and removal of natural organic
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compounds. After adsorption, Fe3O4 can be separated from the medium by a simple

magnetic process [138].

Noble metals nanoparticles, such as Ag and Au, strongly absorb light in the visible

region due to coherent oscillations of the metal conduction band electrons in strong

resonance with visible frequencies of light. This phenomenon is known as surface

plasmon resonance (SPR) and is highly dependent on NPs size, shape, surface, and

dielectric properties of the surrounding medium. Light absorbed by nanoparticles is

readily dissipated as heat. Due to their large absorption cross sections, plasmonic

NPs can generate a significant amount of heat and increase temperatures in their

vicinities [27], [140]-[143].

Silver NPs have been applied as a broad spectrum and highly effective bacteri-

cide. The antibacterial mechanism is associated to the release of silver ions. For

medical applications, an Ag@Fe3O4 core-shell structure allows one to add a mag-

netic functionality to silver properties. Such nanostructure could lead to interesting

advances to solve the lack of bio-compatibility of silver, eliminating its contact with

tissues (iron-oxide can be considered biocompatible, at least up to the mg/ml range).

However, an intriguing behavior was observed on Ag@Fe3O4 NPs: its bactericidal

efficiency is stronger than Ag−Fe2O3 hetero-dimers or plain Ag [144]-[146]. Surface

plasmon absorption has been observed for silver particles in various media, including

aqueous solutions, gelatin and glass. Size effects exhibited by nearly spherical silver

particles are similar to those for gold. While, extinction is the attenuation of an elec-

tromagnetic wave by scattering and absorption as it traverses a particulate medium.

In homogeneous media the dominant attenuation mechanism is usually absorption.

Comparison of extinction spectra for small particles of various sizes with absorption
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spectra for the bulk parent material reveals both similarities and differences [27].

To investigate the optical properties and response (absorption and scattering) of

NPs with light (electromagnetic radiation) interaction, one has to measure the ef-

fective dielectrics, εeff , and permeability, µeff , [121]. In this chapter, we studied

the effect of plasmon resonance on the theoretically modelled spherical Fe3O4@Ag

core-shell NPs. Silver nanoparticle was selected as a shell on magnetite nanospheres,

due to its nontoxic, strong absorption in the UV and visible spectrum [122] and

surface plasmon resonance (SPR) which plays a great role in determining the op-

tical response of nanoparticles. The chapter is structured as follows: In Section

5.2, the effective dielectrics and permeability of the theoretically modelled magnetic-

semiconductor/metal core-shell spherical NPs embedded in a dielectric host matrix

are derived. In Section 5.3, equations for the effective polarizabilities, absorption

cross-section and scattering cross-section are derived. The numerical results are pre-

sented and discussed in Section 5.4. Detailed analysis of the effect of plasmonic

resonance on Fe3O4@Ag core-shell NPs, namely the absorption cross-section, scat-

tering cross-section and extinction cross-section are presented. Finally, concluding

remarks are presented in Section 5.5.

4.2 Theoretical Model

In this chapter, we considered a model of Fe3O4@Ag spherical core-shell NPs, which

is composed of Magnetic-half metallic iron (III) oxide (Fe3O4) core of radius ac and

an outer metallic (Ag) shell of radius as embedded in a dielectric host matrix as shown

in Fig. 4.1, where ac < as. Because of the core material is magnetic with permeabil-

ity, µ� 1, the magneto-optical properties of the system requires determination of its
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effective permittivity εeff and permeability µeff . Based on electrostatic approxima-

tion and the Maxwell-Garnet effective medium theory, theoretical analysis have been

done to derive εeff and µeff . Moreover, using these theoretically determined values,

calculations has been done on the magneto-optical parameters such, as the electric

polarizability, absorption and scattering cross-sections.

Figure 4.1: Schematic of a core-shell spherical NPs embedded in a matrix. The
permittivities and permeabilities are εc, µc for the core, εs, µs for the shell, and, εh,
µh for the host matrix, respectively. Also, ac, as are the radii of the core and the
shell, r = 2a is the diameter of core/shell, and a is the distance from the center of
the NP to an observation point.

4.3 Optical Properties of Fe3O4@Ag Nanoparticles

In this section, we present the equations for the optical parameters, i.e., the ab-

sorption, scattering, and extinction cross-sections with the help of the polarizability

equations for a system composed of Fe3O4@Ag core-shell NPs embedded in a liq-

uid/water medium. Hence, in order to get an explicit expression for the absorption

and scattering cross-sections, we must fix the permittivities and effective electric and

magnetic polarizabilities of the system that consists of the magnetic core, metallic

shell, and host matrix.
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Recalling Eqn.(3.3.4), the corresponding electric polarizability becomes

αe = 4πa3
sαeff . (4.3.1)

And from eqn (3.3.9), the magnetic polarizability becomes

αm = 4πa3
sκeff . (4.3.2)

4.3.1 Absorption, Scattering, and Extinction Cross-Sections

The absorption cross-section, σabs, of the system consisting of spherical core-shell

composite NPs embedded in a host matrix is given by [54]:

σabs = k Im[αe + αm], (4.3.3)

where k = 2π
√
εh/λ. Note that αm is a real constant.

In addition, we consider that the loss of electromagnetic wave upon propagation

through the spherical nanoinclusions results by means of the generation of heat and

scattering. The scattering cross-section, σsc, of the system can be shown to have the

following form:

σsc =
k4

6π
| αe + αm |2 . (4.3.4)

Furthermore, the extinction cross-section, σext, of the system is given by

σext = σsc + σabs, (4.3.5)

where σsc and σabs are given by Eqs. (4.3.3) and (4.3.4), respectively.

4.4 Numerical Analysis

Next, we numerically analyzed the polarizability as well as the absorption, scattering,

and extinction cross-sections of the theoretically modelled spherical Fe3O4@Ag core-

shell NPs embedded in a dielectric host matrix. These optical parameters are analyzed
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by varying the material parameters β and εh). For the numerical evaluations, we

used Mathematica version 10 software. The following parameter values are used in

the simulation: ε∞ = 4.5, ωp = 1.46× 1016 rad/s and γ = 1.67× 1013 rad/s for the

silver shell; and εc = 5.85 and µc = 9.0 for magnetite.

4.4.1 Electric Polarizability

Figure 4.2 depicts the real and imaginary parts of the frequency dependent complex

electric polarizability (α
′

eff and α
′′

eff ) of the spherical Fe3O4@Ag nanoinclusions as a

function of the wavelength of the incident radiation for different values of the metal

fraction, β, and fixed values of εh = 1.77 and NPs size as = 10 nm. It is shown that

Figure 4.2: The real a) and imaginary b) parts of the electric polarizability versus
wavelength for different values of β; with εh = 1.77 and as = 10 nm.

both α
′

eff and α
′′

eff possess two sets of resonance peaks - the first in the UV region

in the vicinity of the wavelength λ = 300 nm and the second peaks in the visible

spectral region above the wavelength of λ = 430 nm. The first set of peaks for both

real and imaginary parts are blue shifted as β decreases and second sets of peaks are



92

red shifted as β decreases. The first and second sets of peaks arise due to the coupling

of the surface plasmon oscillations of the silver shell at the inner semiconductor/metal

(Fe3O4/Ag) interface and outer (Ag/host matrix) interface, respectively.

Furthermore, it is found that the values of both α
′

eff and α
′′

eff increases as the

value of the core radius ac is decreased (or equivalently as the metal fraction β is

increased). Besides, the first set of resonance peaks are less intense than the second

set of peaks. This may be explained with the fact that the surface area of the outer

surface (Ag/host matrix interface) of the Ag shell is larger than that of the inner

surface area (magnetite/Ag interface), and hence large number of carriers available

at the outer interface than the inner.

Moreover, the analysis shows that when β is increased, the first set of peaks in

the UV region are red-shifted which is mainly attributed to the decrease of the size of

the NPs, i.e., the semiconducting Fe3O4 core. Conversely, the second set of peaks are

blue-shifted when β is increased, due to an increase in the thickness of the metallic

shell. Certainly, the two resonance peaks corresponding to each NPs become closer

and closer to each other as β is increased indicating that the metallic shell plays

the dominant role in determining both the real and imaginary parts of the electric

polarizability.

Similarly, the graphs of α
′

eff and α
′′

eff as a function the wavelength of the incident

EMW for the spherical nanoinclusions for different values of dielectric function of the

host, εh and fixed values of β = 0.725 and as = 10 nm are shown in Fig. 4.3. From

the figures it is obvious that both α
′

eff and α
′′

eff possess two set of resonance peaks

- the first in the UV region in the vicinity of the wavelength λ = 300 nm and the

second peaks in the visible spectral region above the wavelength of λ = 450 nm. The
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Figure 4.3: The real a) and imaginary b) parts of the electric polarizability versus
wavelength for different values of εh; with β = 0.725 and as = 10 nm fixed constant.

first and second sets of peaks are red-shifted as εh increases.

Likewise, it is found that the polarizabilities, α
′

eff and α
′′

eff , increases in the second

set of peaks, while no significant change take place in the first set of resonance peaks

as the value of the εh increases. Note also that when εh is increased, the two sets of

resonance peaks get far apart each other, for both the real and imaginary parts of

the polarizability.

4.4.2 Absorption and Scattering Cross-Section

The absorption cross-section of Fe3O4@Ag core-shell spherical nanoinclusions are

numerically analyzed using Eq. (4.3.3) together with the corresponding expressions

for αe and αm, i.e., Eqs. (4.3.1) and (4.3.2). The absorption cross-section (σabs) of

the spherical nanoinclusions as a function of the wavelength of the incident EMW for

different values of β and εh as shown in the Figs. 4.4a) and b). The graphs possess

two sets of resonance peaks - the first set of peaks in both cases are located in the
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vicinity of λ = 300 nm in the UV region which are attributed to the interaction at the

inner (Fe3O4/Ag) interface. The second set of peaks are found above the wavelength

of λ = 450 nm all in the visible spectral region, which corresponds to the resonances

at the outer (Ag/host) interface. As β increases, the two sets of peaks get far apart

from each other accompanied with a spectral shift towards lower wavelengths in the

first set of peaks and shifted to the higher wavelengths in the second set of peaks (see

Fig. 4.4a)). The peak values of σabs are found to be more pronounced in the second

set of peaks than the first set of peaks.

As it’s seen from the graphs, the effect of a rapid onset of strong absorption,

occurring in the UV regions for all dielectric medium/host εh, is dependent on the

particles size. That is, when the value of β is increased, the absorption peaks sharply

drops (less intense) for both the first and second peaks (see Fig. 4.4a) for a constant

εh = 1.77. On the other hand, for a particular value of β = 0.725, the absorption cross-

section for both the first and second sets of peaks sharply increases as εh increases

and red-shifted as shown in Fig. 4.4b.

Figure 4.4: The absorption cross-section versus wavelength a) for different values of
β and b) for different values of εh; with f = 0.003 and as = 10 nm.
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Figures 4.5a and 4.5b depict the scattering cross-section as a function of the

wavelength of the incident EMWs for different values of β and εh. In each figures

there are two sets of resonance peaks. The first set of resonance peaks positioned near

to λ = 300 nm in the UV region and is associated with the inner (magnetite/Ag)

interface. The second set of peaks which are connected to Ag/host interface are

located above the wavelength of λ = 450 nm all in the visible spectral region. Figure

(4.5a illustrate that, scattering of light is sharply increased (more scattering takes

place) in the first set of peaks than the second set of peaks and gets sharply decreased

as β increases. Furthermore, the two sets of peaks increases as εh increases as shown

in the Fig. 4.5b. From both Figs. 4.5a and b, it is observed that the first resonance

peaks are more pronounced than the second set of peaks. As the size of the system

of core/shell nanoparticles gets smaller and smaller, the metal fraction, β, is also

decreased. This leads to the decrease in the scattering cross-sections.

Figure 4.5: The scattering cross-section as a function of wavelength a) for different
values of β and b) for different values of εh; with fixed values of f = 0.003 and
as = 10 nm.

In Fig. 4.5a, the two sets of resonances gets closer each other as β decreases
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accompanied by the shift towards the higher energy in the second peaks and emission

spectral shift to lower energy in the first peaks. Both sets of resonance peaks are

red-shifted (see Figs. 4.5) as εh increased. For both figures 4.5a and b there are no

noticeable peaks found in the first sets of peaks at particular values β = 0.725 and at

εh = 1.50. This may be due to the fact that, the absorption is more likely to dominate

over scattering processes at the particular values of β = 0.725 and at εh = 1.50. On

the other hand, the dielectric medium at the value of εh = 1.50 in the host matrix

may affect the propagation of the incident electromagnetic wave.

4.4.3 Extinction Cross-Section

Figures 4.6 depict the graphs of extinction cross-section, σext as a function of wave-

length for different values of β and εh for the spherical nanoinclusions. As it is seen

from the graphs, the extinction cross-section possess two sets of resonance peaks.

The first set of peaks for Figs. 4.6a and b, the resonance peaks are located close to

λ = 300 nm in the UV region and the first set of peaks are due to resonances at the

inner (magnetite/Ag) interface. The second set of peaks are those found above the

wavelength of about λ = 450 nm all in the visible spectral region.

As Fig. 4.6a) depicts, the two sets of resonances gets closer to each other as β is

decreased and the spectra shift towards lower frequencies in the first set of peaks, and

shift toward higher frequencies for the second set of peaks. Both sets of resonance

peaks are red-shifted (see Fig. 4.6 b) as εh is increased.

The extinction cross-section depends on the chemical composition of the particles,

their size, shape, orientation, the surrounding medium, the number of particles, and

the polarization state and frequency of the incident EMWs [27]. The system of

spherical core/shell nanoparticles that is considered in this study is composed of two
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Figure 4.6: The extinction cross-section versus wavelength for different values of a)
β and b) εh; with fixed values of f = 0.003 and as = 10 nm.

chemically dissimilar nanoparticles - one as the semiconducting core and the other

as a plasmonic shell. We found that the extinction cross-section is dependent on the

size and chemical composition of the semiconducting core or the metallic shell.

4.5 Conclusion

In this study, we investigated the effects of varying parameters like the metal frac-

tion and host matrix on the systems of spherical core/shell Fe3O4@Ag nanoparticles

embedded in a dielectric host matrix. It is found that the real and imaginary parts

of the polarizability, absorption cross-section, scattering cross-section as well as the

extinction cross-section of the system plotted for different values of β and εh as a

function of wavelength possess two sets of resonance peaks in the UV (in the vicinity

of λ ∼ 300 nm) and visible (above λ ∼ 450 nm) spectral regions. These sets of peaks

arise due to the coupling of the surface plasmon oscillations of silver with the energy

gap of the semiconducting core at the inner (Fe3O4/Ag) interface and at the outer
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metal/dielectric (Ag/host matrix) interface. Moreover, when β is increased, the first

set of peaks in the UV region are which is mainly attributed the decrease of the size of

the semiconducting Fe3O4 core, while the second set of peaks are blue-shifted with an

increase of β, due to an increase in the thickness of the metallic shell for the graphs of

the real and imaginary parts of the polarizability. On the contrary, for absorption and

scattering cross-sections the resonance peaks are shifted towards higher frequencies

in the first peak and red-shifted for the second set of peaks as β increases.

Furthermore, the graphs of the real and imaginary parts of the polarizability as

a function of wavelength for different values of the dielectric function of the host

matrix (for fixed εh = 1.77) possess two set of peaks - the first in the UV (around

λ ∼ 300 nm) and the second in the visible (above λ ∼ 420 nm) spectral regions. It

is found that with an increase in the permittivity εh of the host, the resonance peaks

of σabs, σsc and σext are enhanced accompanied with a red or blue shift. In this case,

both sets of peaks are shifted to higher wavelength with an increase in εh.

Finally, the enhancement of the optical properties of the system is because of the

strong coupling of the surface plasma oscillations of the silver shell with the energy

gap of the magnetic semiconducting (Fe3O4@Ag) nano-core. It means that the silver

nanoshell strongly modifies the optical properties of Fe3O4 nanoparticles which cor-

respondingly modify its potential applications. The results obtained may be utilized

in device fabrication and applications that integrates the plasmonic effects of noble

metals with magnetic semiconductors such as Fe3O4 in core/shell nanostructures.



Chapter 5

Summary of Conclusions and
Future Work

5.1 Summary of Conclusions

In this thesis work, we investigated the surface plasmonic resonance effects of varying

various parameters such as the metal fraction, filling factor and the dielectric function

of the host matrix on the systems of spherical core/shell Fe3O4@Ag nanoparticles em-

bedded in a dielectric host matrix. In addition to this, the enhancement of optical

response of spherical Fe3O4@Ag core-shell nanoparticles were studied based on elec-

trostatic approximation and the Maxwell-Garnet effective medium theory to obtain

εeff and µeff . The effects of the above mentioned parameters and the enhancement

in its Magneto-plasmonic properties of systems of core/shell Fe3O4@Ag spherical

nanoparticles embedded in a dielectric host matrix were investigated theoretically

and numerically.

Moreover, using these theoretically determined values, calculations has been done

on the magneto-optical parameters such, as the electric and magnetic polarizability,

the refractive index, an optical absorbance and the extinction cross-sections as well

as the scattering cross-sections of the modeled core-shell NPs. It is found that the
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real and imaginary parts of the polarizability, refractive index, optical absorbance,

absorption cross-section, scattering cross-section as well as the extinction cross-section

of the system plotted by varying the parameters such as metal fraction (β) filling factor

f and dielectric function of the host matrix (εh) as a function of wavelength possess

two sets of plasmon resonance peaks in the UV (in the vicinity of λ ∼ 300 nm)

and visible (above λ ∼ 450 nm) are observed in the spectral regions. By varying

these parameters, The two sets of plasmon resonance peaks are observed. These sets

of peaks arise due to the coupling/interactions of the surface plasmon oscillations

(collective oscillation of surface electrons) of silver with the semiconductor/dielectric

at the inner (Fe3O4/Ag) and outer (Ag/host) interfaces and/or to near-field inter-

particle interaction.

Additionally, the graphs of the real and imaginary parts of the polarizability as

a function of wavelength for different values of metal fraction β and the dielectric

function of the host matrix (for fixed εh = 1.77) possess two set of peaks - the first

in the UV (around λ ∼ 300 nm) and the second in the visible (above λ ∼ 420 nm)

spectral regions. when β is increased, the first set of peaks in the UV region are are

red-shifted which is mainly attributed the decrease of the size of the semiconducting

Fe3O4 core, while the second set of peaks are blue-shifted with an increase of β, due

to an increase in the thickness of the metallic shell for the graphs of the real and

imaginary parts of the polarizability. On the contrary, for absorption and scattering

cross-sections the resonance peaks are shifted towards higher frequencies in the first

peak and red-shifted for the second set of peaks as β increases.

Furthermore, It is found that with an increase in the permittivity εh of the host,

the resonance peaks of σabs, σsc and σext are enhanced accompanied with a red or
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blue shift. In this case, both sets of peaks are shifted to higher wavelength with an

increase in εh. Likewise, the graphs of the real and imaginary parts of the refractive

index and absorbance as a function of wavelength for different values of host matrix

(for fixed β = 0.65 and f = 0.001) possess two set of peaks - the first in the UV

(around λ ∼ 300 nm) and the second in the visible (above λ ∼ 460 nm) spectral

regions. It is found that with an increase in the permittivity εh of the host, n1, n2,

and the absorbance A are enhanced accompanied. In this case, both sets of peaks are

red shifted with an increase in εh. We also found that the increase in f enhances the

peak intensity without a shift in position for all cases.

Lastly, the effect of surface plasmonic resonance and the enhancement of the

magneto-optical response on the system (spherical core/shell Fe3O4@Ag nanoparti-

cles embedded in a dielectric host matrix) is because of the strong coupling/ interac-

tions of the surface plasmon oscillations (collective oscillation of surface electrons) of

silver with the energy gap of the magnetic semiconductor/dielectric (Fe3O4/Ag)nano-

core at the inner and/or to near-field inter-particle interaction. Coating a magnetite

nano core with noble metals allows the magnetite QD to interact with the surface plas-

mon oscillation induced by radiation. When the frequency of radiation is close to the

surface plasmon frequency of the coated metal, the local surface plasmon resonance

occurs. Optical properties and enhanced optical-tunability of core/ shell nanoparti-

cles (NPs) are determined by shape, size, permittivity, and geometrical arrangement

of building blocks.

The modification of the spectral shape of the MO response of Fe3O4@Ag can

be directly ascribed to the excitation of a plasmonic resonance in the MO material.

In particular, it is now understood that is the interplay between the amplitude and



102

phase of the plasmonic resonance and to those of the MO coupling (spin-orbit cou-

pling) of the magnetic material that gives rise to enhancements. It means that the

silver nanoshell strongly modify the optical properties of Fe3O4 nanoparticles which

correspondingly alter/modify its potential applications. The results obtained may be

utilized in device fabrication and applications that integrates the plasmonic effects of

noble metals with magnetic semiconductors such as Fe3O4 in core/shell nanostruc-

tures.

5.2 Future Work

The plasmonic and optical properties of magneto-optical core-shell composite nanos-

tructures are not only dependent on the core size, shell thickness, composite size, and

host medium, but also depend on the material of the constituents, elastic properties,

number of layer, and core shape. In addition, the mechanical properties of various

types of composite nanostructures are the several topics that remain unsolved prob-

lems need to be further investigations. Thus, the following points are our future work

:

• magnetic and Plasmonic response of Fe3O4@Ag core-shell spherical, spheroidal,

and cylindrical composite nanostructures.

• The effect of shape, host medium and number of layers on the magneto-optical

properties of Fe3O4@Ag based composite nanoparticles.

• Stress/Strain effect on magnetic/plasmonic multilayered Fe3O4@Ag core-shell

nanostructures.
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• Strain effects on the SERS enhancements for Ag/Fe3O4/Au Core@shell spher-

ical Nanoparticles are among the list of future works.
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Chapter 6

Appendix

From Eqn. 3.2.1 to Eqn. 3.2.3, the coefficients A, B, C, D and F are unknown con-

stants that can be determined using appropriate boundary conditions at the core/shell

and shell/host interfaces. At this point it is worth noting that the second term on the

right-side of Eq. (3.2.3) represents the induced potential outside the core-shell NP.

The total induced field outside the concentric spheres represents the optical response

of the system.

We may use the transfer matrices method for the spherical layers to obtain the

expressions of the constants used in Eqns. 3.2.1, 3.2.2, 3.2.3. It is better to start with

a single layer expression of transfer matrices and then the result can be generalized

for multiple layers. For a single layer spherical nanoparticle embedded in host matrix

the potential can be expressed as

Φ = (Ar +
B

r2
) cos θ. (6.0.1)

Using the boundary conditions for tangential of
−→
E and normal of

−→
D fields at r = R,

as it is given by [147]

(
A1R +

B1

R2

)
=

(
A2R +

B2

R2

)
,
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ε1

(
A1 −

2B1

R3

)
= ε1

(
A2 −

B2

R3

)
,

These two equations can be written in a matrix form as

Ŝ1(R)ϕ1 = Ŝ2(R)ϕ2, (6.0.2)

where ϕ1 =

(
A1

B1

)
, ϕ2 =

(
A2

B2

)
and

Ŝn(R) =

(
R 1

R2

εn −2εn

R3

)
.

Here n = 1 for core, n = 2 for shell and n = 3 for host matrix. The potential of

the electric field at the center of the core nanoparticle is finite,

ϕ1 =

(
A1

0

)
= A1

(
1

0

)
With this ϕ2 can be expressed as

ϕ2 = S−1
2 (R)Ŝ1(R)ϕ1 = M̂ϕ1,

where

M̂ = S−1
2 (R)Ŝ1(R), (6.0.3)

and

S−1
n =

1

3

(
2
R

1
εn

R2 R3

εn

)
(6.0.4)

Comparing Eq. (3.2.1) and Eqn(6.0.1) together with B1 = 0, we see that A =

−E0A1. This modifies the potential equation given by Eq. (6.0.1) for outer region as

Φout =
(
− E0r +

B

r2

)
cos θ. (6.0.5)
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and

(
−E0

B

)
= AM̂

(
1

0

)
= A

(
M11 M12

M21 M22

)(
1

0

)
(6.0.6)

Performing the product operation in equation (6.0.6) gives

A =
−Eo

M11

and

B = AM21 = −Eo
M21

M11

where B describes the amplitude of the scattered field. The above matrix repre-

sentation can be generalized to multiple layers of NPs as follow:

M̂ =
N∏

n=1

Ŝ−1
n+1(rn)Ŝ(rn) (6.0.7)

Our model NPs consists of two concentric spherical layers; core and shell embedded

in host matrix as illustrated in Fig.(3.1) and hence the number of layers are n = 2.

For n = 2 Eq. (6.0.7) takes the following form

M̂ = Ŝ−1
3 (r2)Ŝ2(r2)Ŝ

−1
2 (r1)Ŝ1(r1), (6.0.8)

=
1

9

 2
r2
2

1
εh

r2
2

−r3
2

εh

 r2
1
r2
2

ε2
−2ε2

r3
2

 2
r2
1

1
ε2

r2
1

−r3
1

ε2

 r2
1
r2
1

ε1
−2ε1

r3
1


It is clear that the final results of the above matrix product will give 2×2 matrices

of the form

M̂ =

(
M11 M12

M21 M22

)
(6.0.9)
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The complete evaluation of the matrices product indicated in Eq. (6.0.8) gives

the values of M11 and M21 as follow

M11 =
1

9ε2εh

[
(2ε2 + ε1)(2εh + ε2) +

2r3
1

r3
2

(εh − ε2)(ε2 − ε1)

]
(6.0.10)

M21 =
r3
2

9ε2εh

[
(2ε2 + ε1)(εh − ε2) +

r3
1

r3
2

(ε2 − ε1)(εh + 2ε2)

]
(6.0.11)

The electric polarizability a of the core-shell NPs embedded in the host matrix is

defined as

α = −4π
M21

M11

(6.0.12)

Using Eqs. (6.0.10) and (6.0.11) in (6.0.12), we obtain the complete expression for α

as [147]

α =

[
(ε1 + 2ε2)(ε2 − εh) + νf (ε1 − ε2)(2ε2 + εh)

(ε1 + 2ε2)(ε2 + 2εh) + 2νf (ε1 − ε2)(ε2 − εh)

]
Dr3

2. (6.0.13)

Using Eqs (3.2.4) and (3.2.6), we found that the dipole moment of the system to

be ~p = 4πεhF ~Eh or it can be expressed by using Eq. (3.2.7). Thus the polarizablity

and the Coefficient F related by the equation as

F =
αD

4π
(6.0.14)


	Table of Contents
	Abstract
	Abbreviations
	Acknowledgements
	Introduction
	Models and Theoretical Considerations on the Optical Response of Plasmonic Spherical Homogenous/Hetrogenous Nanoparticles
	Spherical Homogenous Nanoparticles
	Introduction

	Models for Metals and Dielectric Materials
	Electrostatic Approximation
	The Quasi-Static Approximation

	Optical Response of Metallic Nanoparticles
	Mie Theory
	Lorentz Model
	Drude Model
	Size Effects

	The Optical Response of Metal/Dielectric (Heterogenous) Core/Shell Nanoparticles
	Plasmon Resonance in Noble Metal Nanostructures
	Spherical Core/Shell Nanoparticle
	Effective-Medium Approximation
	Maxwell-Garnet Theory

	The Optical Responses of the Dielectric/Metal Core/Shell Nanoparticles
	The Refractive Index and Energy Gap of Semiconductors
	Optical Absorbance
	Scattering and Absorption Cross-Sections

	Enhancement of the Optical Response of F e3O4@Ag Core-Shell Nanoparticles 
	Introduction
	The Model
	Permittivity
	Permeability

	Optical Properties of Fe3O4@Ag NPs
	Effective Electric and Magnetic Polarizabilities
	Effective Refractive Index

	Numerical Analysis
	Electric Polarizability
	Refractive Index

	Optical Absorbance
	Conclusions

	The Effect of Surface Plasmonic Resonances on Magneto-Plasmonic Fe3O4@Ag Spherical Core-Shell Nanoparticles
	Introduction
	Theoretical Model
	Optical Properties of Fe3O4@Ag Nanoparticles
	Absorption, Scattering, and Extinction Cross-Sections

	Numerical Analysis
	Electric Polarizability
	Absorption and Scattering Cross-Section
	Extinction Cross-Section

	Conclusion

	Summary of Conclusions and Future Work
	Summary of Conclusions
	Future Work
	Publications

	Bibliography
	Appendix

