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Abstract

Nonlinear optics (NLO) is the study of the interaction of intense laser light with matter. In
the last few years, a great deal of progress has been made in our comprehension of nonlinear
polarization mechanisms and how they relate to the structural properties of materials. In
our work, we studied the effects of depolarization factor (L), metal fraction (p), permittivity
of the host matrix (e5,) and interfacial layer on the local field enhancement factor (LFEF),
induced optical bistability (IOB), and bistability domain (BD) of spheroidal core-shell
nanocomposites (NCs) embedded in passive or active dielectric cores. Solving Laplace’s
equation in the quasistatic limit, we obtained expressions of the electric potentials in the
various regions of the NCs. Then, by introducing L. and the Drude-Sommerfeld model into
these expressions, we derived the equation of LFEF in the core of the NCs and studied their
IOB as well as BD, theoretically and numerically. The results show that (i) firstly, whether
L, p, and/or g, vary or kept constant, the LFEF of the spheroidal core-shell NCs possesses
two sets of peaks with passive dielectric core, whereas there is one set of peaks with active
dielectric core. In NCs with passive dielectric core, an increase in any of these parameters
resulted in a more pronounced LFEF peaks in the first set of resonances. With both passive
and active dielectric cores, increasing L increases the peaks of LFEF, whereas increasing
p decreases the peaks of LFEF of the same material with active dielectric core. Moreover,
the highest peak of LFEF is obtained by increasing L than p or ¢; indicating that changing
the geometry of NCs has the highest effect on the LFEF. Equally increasing ¢;, intensities
of LFEF of the NCs decrease, when the dielectric core is passive and increase when the
dielectric core is active. (ii) Secondly, the study reveals that when L decreases, the bistable

region of IOB of the NCs increases. However, when p increases at constant L and gy, the
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bistable region gets wider. When ¢, increases, the IOB region is achieved at larger values
of the incident field. Also, the IOB produced was narrower in the passive dielectric core
than in the active one, showing that the type of core material also influences the IOB of
the NCs. Moreover, when L changes, the region of BD also changes in both types of cores,
while changing p or ¢, in both types of cores causes the BD to vanish or emerge. (iii)
Thirdly, a system consisting of metal/dielectric spheroidal NCs with interfacial layer (1),
the LFEF increased successively in the given frequency range with a single peak with an
increase in thickness. Consequently, the LFEF in the passive medium is red-shifted with
no appreciable change in peak magnitude as the radius (r) increases, whereas the LFEF
in the active host medium increases. We also studied the possibility of LFEF increasing
in passive and active dielectric host matrices as p grows. In brief, the LFEF, IOB, and
BD in each core are sensitive to changes in the values of L, p, and ¢,. Hence, varying
these parameters leads to the possibility of tuning the domains of the LFEF, IOB, and BD,
which can be employed in potential applications such as optical sensing, nonlinear optics,

and quantum optics.



Chapter 1

Background of the Study

1.1 Introduction

The recent development of reliable, extremely sensitive, and selective detection methods has
been made possible by developments in nanotechnology and nanoscience, and these meth-
ods are expected to overcome several shortcomings of traditional detection technologies[Il-
3]. Nanoscience and nanotechnology refer to the control and manipulation of matter at
nanometer scale dimensions [4]. However, as the field continues to evolve, nanoscience
holds great potential for addressing societal challenges and driving technological advance-
ments by managing material dimensions [3], [6]. It also encompasses the development, pro-
cessing, characterization, and use of materials and devices [7]. The nanotechnologies are
technologies emerging from new nanostructured materials from the electronic properties of
quantum dots, or from fundamentally new types of architectures based on nanodevices for
use in computation and information storage and transmission. Hence, it is the understand-
ing and control of matter at dimensions between approximately 1—100 nanometres, where
unique phenomena enable novel applications like drug delivery, energy storage, sensing and

detections and others [ [9].



In spite of this, nanomaterials and nanostructured materials are created through mod-
ification using size, composition, molecular, and supramolecular techniques [10]. So, the
optical properties of metal nanoparticles are most likely influenced by shape, size, and
other dielectric materials [11]. Studying the unique characteristics seen when the size of
the nanoparticles is altered, especially via reduction, is another area of interest for nan-
otechnology [12]. Then, one nanometer is the hundredth of a virus’s size. Today, electronics
that are 1000 times smaller than human cells are being created at the nanoscale [13].

Furthermore, the shape of nanoparticles also has an effect on the optical properties
of nanomaterials with noble metal nanostructures, which may all be adjusted to enhance
their performance in a range of applications [14]. A metal nanoparticle’s plasmon res-
onance frequencies depend more sensitively on the particle’s shape and others, particu-
larly at nanometer-length scales. Generating highly controllable plasmon resonances in
nanoparticles throughout a wide spectrum range is crucial as it can lead to a multitude of
novel applications in photonic, optoelectronic, spectroscopic, and medicinal fields [15, [16].
As a result, a wide range of metal nanoparticle shapes, including nanorods, nanoprisms,
nanoshells, nanostars, and nanocages, have attracted a great deal of attention [17].

Consequently, the distribution of electric fields inside the nanocomposite can be deter-
mined by the material characteristics and structure when an electromagnetic wave interacts
with it. The increase in the electromagnetic field strength within the core-shell nanocom-
posites (CSNCs) in comparison to the incident field is detected by the local field enhance-
ment factor [I8, [I9]. This enhancement can arise due to various mechanisms, including
plasmonic resonances, surface plasmon polaritons, or other localized electromagnetic modes
supported by the composite structure [20, 21]. The local field enhancement factor is an

important parameter in applications such as sensing [22], catalysis [23], and optical devices



[24]. As a result of the mediums and electromagnetic field interacting more, it can increase
the sensitivity of sensors. By focusing the field at the active regions of catalysis, it can
increase chemical reactions. It has the potential to affect the nanocomposite’s emission,
absorption, and scattering characteristics in optics, resulting in tunable optical responses
[25], 26].

The effect of field enhancement at nanoscale metallic structures is critical to optical
phenomena [27]. Nowadays, it is widely accepted to enhance the electromagnetic (EM) field
at the interface of core-shell nanomaterials [28]. Thus far, several spectroscopic analyses
and experimental confirmations of the enhancement effect have been reported, along with
the creation of EM enhancement models and their computations [29]. In the beginning,
metal spheres or spheroids in homogeneous media were the subject of electrostatic (or
quasistatic) models [30], BI]. Later on, pure electrodynamic solutions of highly particular
geometries were provided, as well as electrodynamic corrections of these computations [32].
Recently, the local electric field with various shapes like circular, ellipsoidal, triangular,
or tetrahedral nanowires and sizes at the nanoscale has been extensively studied by many
scholars [33].

Then again, we investigated the nonlinear response of CSNCs as optical bistability
(OB). OB provides controlling light with light in mediums, and it just refers to an optical
effect where a system exhibits two different values of the local field for a single value
of the input field [34, B5]. As a result, the shell can strengthen this output, producing
a significant local field enhancement at the plasmon resonance frequencies as OB [36].
However, the constituent properties of the material from which the composite is formed
have an impact on the optical properties of nanoscale composite materials from which

OB is produced [37]. Because the electromagnetic fields of incident and scattered waves



must cross boundary borders in two locations, the optical properties of the core and shell
materials have a consequence on the electromagnetic response of a coated material [38]. In
recent years, OB has generated a great deal of interest as a subject of research, as it may
have important applications in optical data processing, all-optical logic and computing
systems [39], optical memory elements, optical transistors, and logical devices for high-
speed all-optical information processing [40]. In addition, the OB regions are correspond
between switching on and off inset curves. From this context, we investigated bistability
domain (BD) which is generated between the offset and onset curves of OB fields. Hence,
in CSNCs, BD is the range of output states that show bistable curve regions within the
mediums. Typically, a core material which is encapsulated within a shell material form a
switching “on”and “off”’ OB states using different types of nanocomposite materials.

As a result of their interesting optical characteristics and potential uses without causing
a significant changes to the bulk host medium, materials containing nanoscale inclusions
have drawn a lot of attention in recent years. Nonlinear optical phenomena like local
enhancement fields and optical bistability can arise when the applied electric field is greater
than the atomic electric field strength. Optical nonlinearity might not always be achieved
by applying an ordinary, a high-in electromagnetic pulse, such a laser. Therefore, it is
necessary to improve the nanoinclusion mediums to enhance the applied field. So, by
adding these small nanoinclusions, in variously shaped nanoinclusions, to the bulk medium,
one can modify its properties and increase the applied electromagnetic field. Sisay and
Mal’'nev investigated the local field enhancement at the core of spherical nanoinclusions in
a linear dielectric host matrix [41], while O.A. Buryl and associates investigated the local
field enhancement at the core of elliptical nanoinclusions in a dielectric host matrix [42].

The findings of these investigations shows the results of unusual local field enhancement



when the frequency of the incident electromagnetic wave approaches the surface plasmon
frequency of the metal part of the inclusions. According to Bohren et al. (2008), the
redshift of plasmon resonance is usually influenced by the local dielectric environment in
spherical metal nanoparticles, with a weak resonance magnitude tuning [43]. Additionally,
Naseri, T., and Pourkhavari, F. analyzed the field enhancement and OB behavior of the
core-shell ellipsoidal nanoparticle using simply numerical methods, taking into account
the impacts of the host medium, metal fraction, and geometrical factor at their interface
[44]. Considering all these inquiries, we found a large number of investigations that were
carried out to get the enhanced field and OB using spherical and cylindrical core-shell
nanoinclussion shapes. Thus, it is evident from this that not enough consideration is being
given, specially spheroidal core-shell NCs in composing core into two items and further
investigation regarding core-shell NCs is still needed on this nonlinear optical topic.

From this point of view, we are motivated to study the core-shell nanoparticles to
succeed in developing nanomaterials and nanostructures with the desired properties. Be-
cause of the variety of materials and configurations it covers as well as the capabilities
and applications it is giving, nanoparticle, linear, and nonlinear optics (NLO) is a broad
research area. Due to the multidisciplinary nature of the subject, numerous academics and
researchers from various backgrounds are able to learn unique information from various
perspectives and therefore develop the field in various ways. Here, we were inspired as
researchers to pursue this work from an optical standpoint based on the investigation of
nanoparticles, i.e., silver/gold nanoparticles (spheroidal), in order to further develop the
potential of the NLO, which provides significant benefits to particles in industrial lasers,

telecommunications, sensors, and medical applications.



Additional studies investigated the plasmonic properties (extinction, absorption, scat-
tering cross sections, and field enhancement factor) of spheroidal core-shell nanoparticles
[45]. The impact of the surrounding dielectric constant and the depolarization factor as
a geometric factor on the OB and absorption spectra of coated spheroidal NCs has been
investigated [46} 47]. To the best of our knowledge, the effect of passive and active dielec-
tric cores on local field enhancement factor (LFEF), induced optical bistability (IOB), and
bistability domain (BD) has not been extensively investigated for spheroidal CSNCs. In
addition, the effects of the interfacial layer of spheroidal CSNCs in passive and active host
matrices are not studied as well. Thus, in the present study, we theoretically and numeri-
cally investigated the effects of passive and active dielectric cores, metal fractions, thickness,
radius, interfacial layer, and host matrices on the LFEF, IOB, and BD in spheroidal core-
shell NCs. Therefore, we are interested in investigating the effects of geometric factor, L,
metal factor, p, thickness, t, radius, r, interfacial layer, I, and permitivity of host mediums

g, on the spheroidal core-shell NCs in passive and active dielectric cores and host matrix.

1.2 Literature Review

1.2.1 The Maxwell equations

The classical theory of electromagnetic radiation, developed by Scottish physicist James
Clerk Maxwell (1831-1879), was the first to characterize electricity, magnetism, and light as
distinct manifestations of the same phenomenon [48] 49]. Maxwell established that electric
and magnetic fields move through space as waves moving at the speed of light with the
publication of “A Dynamical Theory of the Electromagnetic Field”in 1865. According to
his theory, light is a wave that undulates in the same medium that generates electric and

magnetic phenomena [50].



Typical nonlinear optics (NLO) materials have a distinctive crystal structure that is
anisotropic to electromagnetic radiation. Understanding induced polarization’s nonlinear
behavior and being able to evaluate and manage how it affects light propagation through
materials are key goals of nonlinear optics. The Maxwell equations are able to describe
the NLO phenomenon. The starting point of the electromagnetic theory of propagation of
electromagnetic radiation in material media is the Maxwell’s equations for the macroscopic

electromagnetic field [511, [52]:

. . aD
H=J+"— 1.2.1
V x J+ ETR ( )
_ OB
E=-=— 1.2.2
V-D =pp, (1.2.3)
V-B=0. (1.2.4)

where E is the electric field, B is the magnetic induction, H is the magnetic field intensity,
J is current density, and pp is the free charge density, D is the electric displacement,
g9 = 8.85 x 10712F /m is the free space permittivity, and py = 47 x 1077 H/m is the free
space permeability.

Polarization is the dipole moment per unit volume of a material system which depends
on the strength E (t) of an applied optical field. In the case of conventional (i.e., linear)
optics, the induced polarization depends linearly on the electric field strength in a manner

that can often be described by the relationship as:

P(t) = eoxWE(1) (1.2.5)

where ]S(t) is linear polarization, x(V is a linear susceptibility and ¢, is the permittivity of

the free space.



The advancement of NLO materials is closely related to the development of nonlinear
optics [53],[64], and its application of a strong electric field induces a nonlinear polarization.
This electric field is the product of an externally applied, powerful laser source. The
following polarization equation can be used to mathematically characterize the NLO effect

on the molecular level as [55]:

P(t) = egxWE(t) + eox P E*(t) + cox P E3 (1) + .. (1.2.6)

P(t)=PY 4+ P@ 4 pB® 4

where P(t) is polarization, E(t) is field strength, y® and y® are second order and third
order nonlinear optical susceptibilities.

In general, nonlinear optics is a field of optics that describes the changes of the optical
properties of materials in the presence of light. This behavior is contrary to everyday
experience, but is firmly rooted in the interaction of light with matter at atomic scales. An
effect resulting from nonlinear optics arises from light at large intensities within materials.

The electric displacement D , magnetic field H , and the current density J are defined

by constitutive equations

D =¢eoE + P =coekE (1.2.7)

S R

H=—B-M. (1.2.8)
Ho

J=0oE. (1.2.9)

where P and M are the electric and magnetic polarizations, o is the conductivity of the
medium, pp is the density of external charges; and ¢y and p are the electric and magnetic
permittivity in vacuum, respectively; ¢ is the relative dielectric permittivity of the medium.

For the sake of simplicity, we shall limit ourselves to the non-magnetic media (1 = 0). Thus,



after substitution of Eqn. (1.2.5)—(1.2.7)) in Eqn. (1.2.1j41.2.4)) the electromagnetic wave

equation can be derived as follows:

. oE PE 02P
VXAV X E) + poo=g -+ Cotto g + Ho g

=0. (1.2.10)
Moreover, the optical polarization Pin Eqn. 1} induced in the medium by propa-

gating electromagnetic wave can be expressed by a Taylor series:
P =eoxVE + eoxPEE + eox®P EEE + .. (1.2.11)

where Yy, y®), ... are the susceptibility tensor and E is the propagating electric field.
The first term in Eqn .(1.2.8]) describes linear polarization component while higher terms
are responsible for nonlinear contribution. Thus, the wave Eqn. ([1.2.8)) can be modified:

q OF 0°E 0?P
E - 14+ 22 ZNE_ 1.2.12
VX (VX B) + poo =+ como(L +X) 55 + o—3 , ( )

where Pyr, = eoX P EE + eox® EEE + ...

The typical values of x® and x® for the usual kind of crystals are x? is 1079 esu and
x® is 1071 esu. Therefore, for the weak incident optical field the nonlinear contribution
in polarization can be neglected (ﬁNL — 0) and Eqn. (|1.2.12) becomes the well known
ordinary wave equation:

. oE PE
V< (V x E) 4 oo + eopto(1 4+ x M)

= 0. 1.2.1
T 0 (1.2.13)

In this case, the polarization response of a medium to a given monochromatic component
E (w, ) of applied field is limited only by the electric permittivity ; the other frequency
components of the field do not affect on Pp(w,7) or E(w,7). If the applied field is an

intense laser field, the second- and/or third-order polarization components expressed by

Eqn. (1.2.12) may no longer be neglected.
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Then, the nonlinear term containing Py in Eqn. (1.2.12)) can be recognized as a source
that can emit coherent radiation at a new frequency. Thus, nonlinear polarization induced
in the media by propagating monochromatic electromagnetic wave is responsible for optical

harmonic generation.

1.2.2 Nonlinear optics

Nonlinear optics (NLO) is the study of phenomena that occur as a consequence of the
modification of the optical properties of a material system by the presence of light [56-H58].
Typically, only laser light is sufficiently intense to modify the optical properties of a material
system. The beginning of the field of nonlinear optics is often taken to be the discovery
of second-harmonic generation by Franken, et al. (1961), shortly after the demonstration
of the first working laser by Maiman in 1960 and sending the red light of a ruby laser
(A = 6943121) onto a crystal of quartz, they were able to observed a tiny production of
ultraviolet light [59]. NLO phenomena are “nonlinear”in the sense that they occur when
the response of a material system to an applied optical field depends in a nonlinear manner
on the strength of the optical field. For example, second-harmonic generation occurs as
a result of the part of the atomic response that scales quadratically with the strength of
the applied optical field. Consequently, the intensity of the light generated at the second-
harmonic frequency tends to increase as the square of the intensity of the applied laser
light.

In nonlinear optics, the NLO materials play a significant role, particularly in informa-
tion technology and industry, and in the last ten years, however, have seen the success of
this work in its applications [60]. This can mostly be attributed to an increase in NLO

material performance. A great deal of progress has been made in our comprehension of
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nonlinear polarization mechanisms and how they relate to the structural properties of ma-
terials. This evolution has been significantly influenced by the recent developments in
fabrication and growth methods for synthetic materials. The goal is to formulate materials
that exhibit significant nonlinearities while complying with all application-specific techno-
logical requirements, such as a broad transparency range, quick response, and high damage
threshold [61].

However, advancements in nonlinear effects in devices, in addition to their process
ability, flexibility, and interface with other materials, paved the way for the investigation of
new nonlinear effects of materials and the introduction of new concepts. It is anticipated
that the realization of key optical devices in optical fiber communication [62] [63], and
optical computing [52] that make the most of light characteristics, such as parallel and
spatial processing capabilities and high speed, will come about as a result of optical solitons,
optical switching, quantum information processing chips, optical communication networks,
and optical computing systems, and memory, which depend on light intensity [58|, 64 [65].

Therefore, let us investigate how the dipole moment per unit volume or polarization
ﬁ(t) of a material system relies on the strength E (t) of an applied optical field in order
to more properly characterize what we mean by optical nonlinearity. In particular, the
linear polarization provides an extensive description of the light-matter interaction when
the intensity of the incident radiation is sufficiently small; whereas the nonlinear optical
response of a medium depends on the strength of the applied optical field, E(t) This
interaction of light to matter by EM and the formation of nonlinear response process. Due
to the numerous fundamental issues and great promise for a wide range of applications, local
electromagnetic field fluctuations and related enhancement of nonlinear optical phenomena

in metal-dielectric composites near penetration threshold have recently drawn significant
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attention [57, [66].

1.2.3 Optical bistability in nonlinear composite materials

We know that the optical bistability (OB) is a phenomenon in which the output intensity
of light can exhibit two stable states for a given input intensity. It has played a significant
role in the development of nonlinear optics and has applications in areas such as optical
switching and computing. The history of OB dates back to the 1960s when researchers be-
gan exploring the nonlinear optical response of materials [67]. In 1964, Arthur L. Schawlow
and Charles H. Townes proposed the concept of OB in a paper titled “Infrared and Optical
Masers” where they discussed the possibility of bistable behavior in lasers. In 1966, Robert
W. Hellwarth proposed the idea of OB based on the intensity-dependent refractive index of
a medium. He suggested that a nonlinear medium could exhibit two stable states of light
transmission depending on the input intensity.

In the 1970s and 1980s, significant progress was made in developing theoretical models
to explain OB [68]. Theoretical frameworks such as the Maxwell-Bloch equations and the
semi-classical approach were used to describe the behavior of nonlinear systems and to
understand the mechanisms of OB. Researchers explored various physical mechanisms for
achieving OB, including saturable absorption, Kerr nonlinearity, and resonant absorption or
dispersion effects [57]. The development of more advanced experimental techniques and the
availability of new nonlinear materials allowed for further exploration and characterization
of OB in different systems.

Optical bistability has been explored for its potential applications in areas such as
optical switching, optical memories, and all-optical computing [64], 69, [70]. The OB offers
the possibility of controlling light signals using other light signals, enabling the development

of optical devices with enhanced functionality. Ongoing research focuses on improving
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the performance of optical bistable devices, exploring new materials and systems, and
developing novel approaches to achieve all-optical signal processing and computing [71], [72].
In summary, the history of OB traces back to the mid-1960s with theoretical proposals
followed by experimental demonstrations in the early 1970s. Since then, significant progress
has been made in understanding the underlying physics, developing theoretical models, and
exploring potential applications of OB in the field of nonlinear optics.

Nonlinear OB refers to a phenomenon in which the optical response of a material or
system exhibits two stable states for a given input power [57, [73]. These two states cor-
respond two different output intensities. Nonlinear OB output is an important concept in
the field of nonlinear optics and has an applications in areas of optical computing, optical
switching, and information processing. In this case we attempt to study some types of

nonlinear OB as follows:
Kerr bistability

Kerr bistability is the name given to a phenomena that is seen in nonlinear optics when
light interacts with a material medium [74], [75]. The physicist Roy Kerr, who originally
characterized it in the 1960s, is honored by the name. When a material exhibits Kerr
bistability, the intensity of the incident light affects the substance’s refractive index. The
way light travels through a material is determined by its refractive index. The refractive
index in a Kerr media varies nonlinearly with light intensity. The occurrence of two stable
states for the light’s intensity, or bistability, can result from the nonlinearity of the refractive
index under specific circumstances. This indicates that there are two possible output
intensities for a given input intensity.

Using kerr effect we obtained OB in core-shell NCs. Then, consider a material whose

intensity-dependent polarization is given by the third-order nonlinear susceptibility, v,
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in order to comprehend how optical bistability is generated utilizing the Kerr effect with
susceptibility [76].
The material’s induced polarization P is determined as we see in Eqn. (1.2.6)):

P =eoxWE + gy E® (1.2.14)

where E is the incoming light’s electric field, V) is the linear susceptibility, and ¢, is the
vacuum permittivity. The material’s linear response is represented by the first term on
the right side of the equation, and the nonlinear response resulting from the Kerr effect is
represented by the second term.

The polarization and the material’s refractive index, n, are connected by the following
equation:

n’ =1+ xWE + x| B2 (1.2.15)

where the electric field’s strength is denoted by E.

A basic configuration consisting of an optical cavity filled with a Kerr medium is ex-
amined. This cavity is formed by enclosing the Kerr medium between two mirrors. Once
within the hollow, the incident light repeatedly moves back and forth. Assume for the
moment that the Kerr medium is low-transmission. Since the input light is low intensity
in this condition, the linear susceptibility x(* largely determines the medium’s refractive
index. The Kerr effect grows with incident light intensity, and the third-order nonlinear
susceptibility component x®|E|?) becomes significant.

The refractive index rises with increased intensity due to the nonlinear part in the
equation. An increase in the refractive index causes more constructive interference to occur
within the cavity, which raises the intensity of the intracavity. The refractive index rises

more because of the greater intracavity intensity’s amplified Kerr effect via the y®)|E|?
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term. The refractive index and light intensity positive feedback loop causes a sharp spike
in transmitted intensity, which induces a high-transmission state transition.

The light-matter interaction’s two stable states are equivalent to its two distinct equi-
librium solutions. The self-action of light in the Kerr medium gives birth to the bistable
behavior [77]. The refractive index stays largely constant and the output intensity closely
tracks the input when the input intensity is below a predetermined threshold. On the other
hand, the output intensity increases to a greater value and the refractive index changes
dramatically when the input intensity exceeds the threshold. The system demonstrates
hysteresis, which means that the output intensity is dependent on both the input’s past
and present values. Numerous systems, including gases, liquids, and solid-state materials,
have been examined for Kerr bistability. Information storage, signal processing, and optical
switching are some of its possible uses. Kerr bistability is an interesting topic in nonlinear
optics because it allows one to manipulate and regulate light pulse transmission by taking
use of Kerr media’s nonlinear response.

Therefore, the Kerr bistability is based on the nonlinear optical response known as the
Kerr effect, which occurs in materials with an intensity-dependent refractive index. In
Kerr bistable systems, the refractive index of the material changes with the intensity of
the incident light. This leads to two stable states of the system, typically referred to as
the “on”and “off’states. This is an optical mechanism that changes its refractive index
inversely dependent on the intensity of the source light. The first bistable state resides at a
given intensity where no optical mechanism is used. The second state resides at the point
where a certain light intensity causes the light to resonate to the corresponding refractive

index.
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Absorptive bistability

Absorptive bistability occurs in materials that exhibit an intensity-dependent absorption
coefficient. When the input power exceeds a certain threshold, the material undergoes
a transition from a low-absorption state to a high-absorption state. This results in the
bistable behavior of the optical system. This utilizes an absorber to block light inversely
dependent on the intensity of the source light. The first bistable state resides at a given
intensity where no absorber is used. The second state resides at the point where the light

intensity overcomes the absorber’s ability to block light.
The process of the optical bistability in composite materials

The physical requirements for OB are an intensity-dependence refractive index and an
optical feedback mechanism. A system is said to be optically bistable if it can exhibit two
steady output states for the same input intensity over some range of input values. The
switching up and down operations typical in a hysteresis cycle originates from the rise of
instability. A physical state is said to be unstable when, after displaying the system a little
from this steady point, the system does not return to it and goes further from it. In other
words, for an unstable state, even the slightest perturbation removes the system from it.
The searches for instabilities turn out to be crucial in the study of OB phenomena not only
from the theoretical viewpoint but also for the possibilities for practical and technological
applications. Since its first discovery in late 1970’s, OB has been found existing in many
different optical systems. Omne of the simplest examples of bistable systems is a Fabry-
Perot resonator with the cavity filled with a medium that presents saturable absorption or
nonlinear dispersion [78-80].

These optical properties of silver nanoparticles have been recently studied extensively
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Figure 1.1: Typical input-versus-output characteristics of a bistable optical device [? .

and metal/dielectric composite have found various applications in different fields of science
and technology site. The original study of the effective optical properties of composite
materials were to the analysis of linear media and by considering the contribution of the
local field of the particle it is extended to study of the materials with nonlinear part.
This is strongly dependent on the nanoparticles size, shape, volume fraction, spatial dis-
tribution and the properties of the surrounding matrix. Control over these parameters
enables such metal/dielectric nanocomposite to become promising media for development

of precious/novel nonlinear materials in nanodevices and optical elements.
Optical bistability switching on and off

Optical bistability switching refers to the transition between the two stable states of an
optical system: the “on”and “off”- state. The optical bistability can be described as the

process of transitioning from one state to the other are stated as follows [73], [77, R1]:
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Switching on

When the system is in the “off”state, it exhibits low output intensity or refractive index. To
switch on the optical bistability, an input power or intensity is increased beyond a certain
threshold level. This increase in input power causes a nonlinear response in the system,
leading to a transition from the “off”- state to the “on”- state.

The exact mechanism for switching on in optical bistability depends on the specific type
of bistable system. For example, in Kerr bistability, the increase in input power induces
a change in the refractive index of the material [76, 82], resulting in a transition to the
“on”state. Similarly, in absorptive bistability, the input power surpasses the threshold,
causing a transition from the low-absorption state to the high-absorption state, resulting

in the “on”state as shown in Fig. [I.1]
Switching off

Conversely, switching off in optical bistability involves transitioning from the “on”state to
the “off "state. This can be achieved by reducing the input power or intensity below a
certain threshold level. The process of switching off depends on the specific characteristics
of the bistable system. In Kerr bistability, decreasing the input power causes the refractive
index to return to its original value, leading to the transition to the “off”state. In absorptive
bistability, reducing the input power below the threshold causes the material to transition
back to the low-absorption state, resulting in the “off”state.

The switching on and switching off processes in optical bistability are dynamic and
reversible, allowing for control and manipulation of the system’s output characteristics.
By carefully adjusting the input power or intensity, one can toggle between the “on”and

“off’states, enabling applications such as optical switching, information processing, and
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optical computing.
1.2.4 Bistability domain in nanocomposite materials

Bistability refers to a system or process that can exist in two stable states. In the context
of domains, a bistability domain (BD) refers to a region or range of conditions in which a
system or process exhibits bistability. At the onset of optical bistability (OB), there is a
critical point where the output versus input characteristics have an infinite slope and merge
between two points [83]. Then, as the intensity is applied, the OB in the mediums vicinity
of this critical point is characterized by critical rising up and slowing down after second
stability [84]. Thus, when intensity is applied to the system, the output BD comprises
the regions between the bistability states. Hence, the BD is directly proportional to the
applied field. Thus, in the locality of the critical point, all bistability regions are included
between the inset regions.

If a system can alternate between two different stable steady states but cannot stop in
between states, it is said to be bistable. A bistable system will always exhibit hysteresis,
which means that in order for the stimulus to move the system to a different steady state
where it might stay as the stimulus diminishes it must cross a threshold [85] [86]. We
understand bistability domains better, by considering that a chemical reaction in a mediums
can be exist between two different states, A and B. The reaction can be influenced by factors
such as temperature, pressure, or concentration. In certain conditions, the system may
favor state A, while in other conditions, it may favor state B. The range of conditions in
which both states are stable is known as the bistability domain. Therefore, the domain has
onset fields that are lower than those of the first bistability domain and a relatively small
frequency range. Throughout the domain, the lowest bistability onset fields are observed.

By considering this, the steady-state curve develops in a region with a negative slope
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and takes on an S-shaped form if we increase the intensity, I; further (Fig. [1.2]) [87].
Therefore, as seen in Fig. [I.2] we investigated at the multivalued function of intensity in in
this particular instance. In this case as shown from Fig. [.2] the system has three output
states in the given intensities ranging for values I} < Iy < I;. The system is bistable
because the one that is located in the area with a negative slope is unstable. In the event
that we raise the incident field intensity rapidly to I, the system will have to abruptly
switch to the higher transmission branch. The system stays in the upper branch until we
reach value I if we now gradually reduce the incidence intensity. After that, the system

returns discontinuously to the lower transmission branch. We so have a cycle of hysteresis.
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Figure 1.2: Scheme of bistability domain.

Conclusively, the bistability domain can be visualized as a region in a parameter space,
where the axes represent the influencing factors, and the region represents the range of
values where bistability occurs. Within this domain, small changes in the influencing

factors may not cause an immediate transition from one state to another. Instead, the
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system remains in its current state until a specific threshold is reached, at which point
a rapid transition to the other state occurs. Bistability domains are observed in various
scientific fields, including physics, chemistry, biology, and engineering. They have practical
applications, such as in the design of electronic circuits, where bistable elements (such as

flip flops) are used to store and manipulate binary information [88 [89)].

1.2.5 Plasmonics of nanostructures

The history of plasmonics of nanostructures can be traced back to the early 20th cen-
tury when scientists began studying the interaction of light with metallic materials [90].
However, it wasn’t until the late 20th century that the field of plasmonics started to gain
significant attention and progress rapidly. Strong optical fields that couple to plasmonic
nanostructures interact with the system’s free electrons to produce an intrinsically nonlinear
optical response that includes Kerr effect, sum frequency generation, and higher-harmonic
production [911 [92].

In the 1960s, the concept of surface plasmons was introduced by Ritchie, who described
the oscillations of free electrons at the surface of a metal. This led to early studies on surface
plasmon resonance (SPR), which is the phenomenon of enhanced light-matter interactions
occurring at the interface between a metal and a dielectric medium. SPR became an
important technique for biosensing and thin-film characterization.

During the late 1990s and early 2000s, researchers began investigating plasmonic prop-
erties of individual metallic nanoparticles. They found that the localized surface plasmon
resonance (LSPR) of nanoparticles [03], which arises from the collective oscillations of free
electrons in the nanoparticle, could be tuned by controlling the size, shape, and composi-
tion of the nanoparticles. This discovery opened up new possibilities for tailoring plasmonic

properties and exploiting them for various applications. Therefore, plasmonics is a field of
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research that focuses on the interaction between light and free electrons in a metal structure,
called plasmons. When light interacts with a metal nanostructure, it can excite collective
oscillations of the free electrons, leading to the formation of plasmons. These plasmons
can have unique properties that are different from those of individual photons or electrons,
making them useful for various applications in nanophotonics and nanoelectronics.

In this case nanostructures play a crucial role in plasmonics as they can confine and
manipulate plasmons at the nanoscale. By designing and engineering the size, shape, and
composition of nanostructures, researchers can control the behavior of plasmons and tailor
their properties for specific applications [20, [94]. Some common types of nanostructures
used in plasmonics include nanoparticles, nanowires, nanorods, nanocubes, and nanoshells.
These structures can be made from different metals, such as gold, silver, or aluminum,
which have favorable plasmonic properties in the visible and near-infrared regions of the
electromagnetic spectrum. The field of plasmonics of nanostructures is rapidly evolving,
with ongoing research focused on developing new fabrication techniques, understanding
fundamental plasmonic phenomena, and exploring novel applications. These advancements
have the potential to revolutionize various fields, including telecommunications, biosensing,

energy harvesting, and information processing [95].
Surface plasmon resonance

The physical phenomenon of surface plasmon resonance (SPR) was initially observed by
Wood in 1802 and has since found practical uses in sensitive detectors that can identify
protein sub-monomolecular coverage [96, O7]. SPR, has developed over the past three
decades from a rather esoteric physical phenomenon to an optical tool that is frequently
employed in chemical, biological, and physical studies where it is important to characterize

(bio)molecular interactions. The existence of free electrons at the interface between two
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materials is necessary for the creation of surface plasmons (SPs, also known as plasmon
polaritons); in reality, this nearly invariably means that one of the materials is a metal
(often gold) with a high concentration of free conduction electrons. This requirement
simply arises from using Maxwell’s equations to analyze a metal/dielectric contact.

Hence, there are many reasons why nanoparticles are interest to the scientific commu-
nity. A nanoparticle matrix is used to either dissolve, trap, encapsulate, or adhere to the
medication [98] 99]. One of the important properties of nanoparticles is that they exhibit
SPR. When electric fields of light are directed at nanoparticles, the surface plasmons be-
come excited and begin to resonate. This electric field also creates a separation of charge,
which can be seen in Fig. [1.3] that then forms a dipole oscillation in the same direction as
the electric field of light. Therefore, the frequencies being the same i.e., when the frequency
of incident light matches the natural frequency of surface plasmons on a metal surface, sur-
face plasmon resonance (SPR) enables both strong absorption and scattering of incident
light, and these effects can be measured using UV-VIS spectrometers. Hence, the resonance
peaks are generated at the interface media when the electron oscillation frequency and the
incident light wave frequency are equal [100].

The characteristics of the particle, such as its size, form, kind of metal, and dielectric
material surrounding the medium (which may include air), determine the SPR band inten-
sity and wavelength. Although other metals like Cu have been utilized in earlier times, the
band intensity is highest for Ag and Au. Ag has the strongest bands and sharpest peaks,
although Au is the most often utilized material to investigate this effect since it is inert

and compatible with nature.
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Figure 1.3: Scheme of surface plasmon resonance

Local surface plasmon resonance

The optical properties of composite materials have been the subject of numerous studies
during the last few decades [I0I]. The collective oscillation of electrons on the surface
of metallic nanostructures in response to incident light is known as local surface plasmon
resonance (LSPR). The “local”denotes that the plasmon resonance only applies to a small
region close to the metal’s surface. Hence, the LSPR describes the collective oscillation of
the conduction electrons in metal nanostructures connected to an electromagnetic field on
the metal-dielectric interface [102]. The nonlinearities of such materials may be strongly
enhanced relative to bulk samples of the same materials, and intrinsic bistability may
arise in them under certain conditions. These effects are the results of a possibly great
enhancement of the electric within the particles. This enhancement can be produced by an
appropriate ratio of the host to particle complex dielectric permittivity and modification

of the field inside a given particle by neighboring particles. The quasistatics resonance is
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an extreme manifestation of the so called local field effect.

In general, coherent oscillations of free electrons occur at the boundaries between metal
and dielectric [T103],[104]. Scientists may investigate the behavior of plasmons, by which they
are similar in wave producing by the movement of electrons in metals, using surface plasmon
resonance (SPR) and local surface plasmon resonance (LSPR) [93]. Because of this, both of
them include using electromagnetic waves to excite these plasmons, in order to investigate
their interactions with various materials. In scientific and medical applications, they are
helpful for sensing things, determine the presence of particular chemicals or substances by
detecting changes in light’s behavior as it interacts with the metal structures [105].

But if we look at their distinctions, LSPR, which frequently refers to metallic nanopar-
ticles, happens when the frequency of the incident photon is resonant with the collective
oscillation of conduction electrons in metallic nanoparticles [43]. SPR is known as a phe-
nomenon excited when the frequency of an evanescent electromagnetic wave propagating
at the metal-dielectric interface is resonant with the oscillation of the surface conduction

electrons in metal [106].

1.2.6 Plasmonic materials

The term “plasmonics”refers to the field’s present concern in taking use of the collective
oscillations of this plasma’s conduction electrons [I07]. A type of materials known as plas-
monic materials exhibit significant nanoscale light interactions as a result of a phenomena
called surface plasmon resonance (SPR). When a metal surface is stimulated by electro-
magnetic radiation, free electrons collectively oscillate, creating surface plasmons. However,
plasmonics is a field of optical condensed matter physics that is used to investigate optical

phenomena at the nanoscale in nanostructured metal systems [108] [109].
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One noteworthy characteristic of these systems is their capacity to maintain the concen-
tration of optical energy at the nanoscale, which is attributed to modes known as surface
plasmons (SPs) [110]. The existence of SPs depends entirely on the fact that dielectric
function &, has a negative real part, Rele,,] < 0. The SPs are well pronounced as reso-
nances when the losses are small enough, i.e., Im[e,,| << Rele,,] [I1I]. This is a recognized
characteristic of a high-quality plasmonic metal, such as silver throughout the majority of
the visible spectrum. When two characteristics are present, a material is considered a good
plasmonic metal. A type of materials known as plasmonic materials has remarkable light-
interacting properties at the nanoscale because of plasmons, which are collective oscillations
of free electrons [103]. These materials are usually metals, like aluminum, silver, and gold,
which exhibit special optical qualities due to the way their conduction electrons behave.

Light can couple to the collective oscillations of electrons when it interacts with plas-
monic materials, producing a range of fascinating effects. Plasmonic materials have uses in
photonics, optoelectronics, sensing, imaging, and other domains by manipulating and con-
trolling light behavior at the nanoscale [108, 112], [1T3]. The capacity of plasmonic materials
to sustain surface plasmons collective electron oscillations that take place at the interface
between a plasmonic material and a dielectric substance is one of their main qualities. By
propagating along the surface after being activated by incident light, surface plasmons can
limit electromagnetic energy to subwavelength lengths.

Because of the extreme confinement and intensification of electromagnetic fields at the
nanoscale, plasmonic materials have special features like ability to concentrate light into
small volumes, which can result in improved interactions between light and matter. This
characteristic has been used in applications like surface-enhanced Raman spectroscopy

(SERS), where the Raman signal of molecules in the vicinity can be significantly amplified
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by the presence of plasmonic materials. Additionally, they are employed in the creation
of nanophotonic devices, including nanoantennas, sensors, and waveguides [IT4H1T6]. All
things considered, plasmonic materials have special chances for directing and modifying
light at the nanoscale, opening up new possibilities in a number of industries where exact

control over light-matter interactions is important.

1.2.7 Core-shell nanocomposites

Core-shell nanocomposites (CSNCs) are unique materials consisting of a shell surrounding
the core. They consist of several materials, each with unique characteristics. In this manner,
the nanocomposite’s core and shell combine to provide new and enhanced characteristics.
We may regulate and modify the material’s properties by changing the size, thickness, and
makeup of the shell and core [117].

There are numerous useful uses for these CSNCs [IT8-120]. Using a core material that
is effective at catalyzing processes and a shell material that helps to maintain and protect
the core, for instance, can be utilized to create better catalysts in the field of catalysis.
CSNCs can be engineered to distribute and release medications in a regulated way. The
core contains the medications, and it has been covered in a protective shell. Also, CSNCs
have the potential to enhance supercapacitors and batteries in the energy storage sector.
The shell material aids with charge movement and stability while the core material can store
a significant amount of energy. The shell changes the surface and increases the sensitivity
or selectivity of the sensor to particular chemicals, whereas the core functions as a sensing
element. Finally, CSNCs are employed in optics to produce materials with distinct optical
characteristics. The shell aids in controlling and manipulating light, whereas the core may
have unique optical properties.

Researchers employ a variety of methods, such as surface modification and chemical
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synthesis, to create CSNCs. By using these techniques, they are able to precisely regulate
the dimensions, makeup, and structure of the shell and core, producing materials with
certain qualities. All things considered, CSNCs are fascinating materials which combine
various constituents to produce novel and enhanced qualities. They have a wide range
of applications in various fields, where their unique properties can be harnessed to solve
real-world problems and create innovative technologies [121], 122]. The characteristics and
behaviors of CSNCs can be strongly influenced by size, shape, chemistry, and other factors

[119]. Therefore, the following influence are related to these NCs factors:

Effects of size

Size of the core and shell materials can affect the overall size and surface area of the
nanocomposite. Small core size can result in a higher surface-to-volume ratio, leading to
increased reactivity or enhanced sensing properties. Size matching between the core and
shell can promote better interface contact and facilitate efficient charge or energy transfer
(123, 124].

The optical properties of CSNCs can be adjusted according on the size of the materi-
als used in the shell and core. Quantum confinement effects in semiconductor core-shell
nanoparticles can cause a shift in the absorption and emission wavelengths when the core
size is changed. It is possible to accurately tailor the absorption and emission spectra by
adjusting the size ratio between the core and shell. Furthermore, the electrical conductivity
of CSNCs made of conductive materials can be influenced by the core’s size. Reduced core
sizes can improve electrical conductivity by promoting shorter electron transport channels
and more connection. To further improve the overall conductivity, a conductive shell may

also act as a barrier to stop the core nanoparticles from collecting together.



29

Ellipsoid-effects of shape

The optical properties of core-shell nanoparticles can be influenced by their shape. Different
shapes can exhibit unique plasmonic resonances, where the localized surface plasmon reso-
nances (LSPRs) are strongly dependent on the geometry [125]. Because of this, core-shell
nanocomposites’ absorption, scattering, and emission spectra can be adjusted by chang-
ing their shape, thereby opening up new possibilities for optical devices, imaging, and
colorimetric sensing. A lot of work has gone into creating shape-controlled metal colloidal
nanoparticles with unique chemical and physical properties in recent years [126]. The shape
of the core and shell can influence the overall morphology and packing of the NCs [127, 128].

Generally, modern materials chemistry requires the ability to control a metal nanocrys-
tal’s morphology since modifying its shape and size can readily and broadly adjust its
chemical and physical properties [129]. Therefore, when NCs combined appropriately, the
metal nanocrystals with specific functions show great promise for a broad range of applica-
tions in electronics, photonics, catalysis, sensing, imaging, and medicine. Shape controlling
metal nanocrystals is crucial in most of these applications to fully realize the potential of
these amazing nanoscale materials and to optimize their performance. Anisotropic core -
shell shapes, such as rods, wires, or plates, can introduce directional properties or alignment

within the nanocomposite [130].

1.3 Research Questions

The main questions asked in this dissertation are:

1. What is the effect of local field on the enhancement factor in core-shell NCs in passive

and active dielectric cores?
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2. How the induced optical bistability can be investigated in the core-shell spheroidal

NCs in passive and active dielectric cores?

3. To what extent bistability domain range found in core-shell spheroidal NCs in passive

and active dielectric cores?

4. What is the effects interfacial layer on local field enhancement factor of spheroidal

core-shell nanocomposite in passive and active host matrix?

1.4 Objectives

1.4.1 General objective

The general objective of the dissertation is to investigate analytically and numerically
the propagation of light in spheroidal core-shell nanocomposites with passive and active

dielectric cores embedded in a host matrix.

1.4.2 Specific objectives
The specific objectives of the dissertation are:

1. to study the effects of depolarization factor, metal fraction, and host matrix on the
local field enhancement factor in core-shell spheroidal nanocomposites with passive

and active dielectric cores.

2. to investigate the effects of depolarization factor, metal fraction, and host matrix
on the induced optical bistability and bistability domain of spheroidal core-shell

nanocomposites with passive and active dielectric cores.

3. to investigate the effects of interfacial layer on local field enhancement factor of

spheroidal core-shell nanocomposite in passive and active host matrix.
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1.5 Significance of the Study

In this dissertation, we discussed how spheroidal core-shell nanocomposite (CSNCs) with
dielectric cores can have significant implications in the field of nanophotonics, particularly
in obtaining local field enhancement factors and inducing optical bistability. Here are some
key aspects of their significance:

In local field enhancement factor (LFEF), the depolarization factor, metal fraction,
interfacial layer, and host matrix of nanoparticles influence their interaction with incident
light. Spheroidal CSNCs can exhibit localized surface plasmon resonances (LSPRs), leading
to enhanced electromagnetic fields in their vicinity. The LFEF quantifies the increase in the
electromagnetic field strength at the nanoparticle surface. Spheroidal core-shell structures
can be engineered to achieve high local field enhancement, which is crucial for various
applications, including sensing, spectroscopy, and enhanced light-matter interactions [114].

Also, induced optical bistability (IOB) of core-shell nanoparticles can exhibit nonlin-
ear optical properties, where the response of the material to light becomes dependent on
the light intensity. This can lead to optical bistability, a phenomenon where the optical
properties of the material depend on the history of the incident light. Optical bistability
is essential for the development of devices such as optical switches and memory elements.
The ability to induce and control optical bistability in spheroidal CSNCs can have appli-
cations in all-optical signal processing and information storage [I31], quantum computing
and communications [132H134].

In summary, the significance of this study lies in the exploration of core-shell nanopar-
ticles, which offer superior qualities compared to single-composition nanomaterials. The
potential applications of these nanoparticles span a wide range of fields, and the investi-

gation into enhancing the local electric field and inducing optical bistability holds promise
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for advancing technologies such as sensors, optical switching, and quantum computing.

1.6 Scope of the Study

The scope of this study involves the application of Drude-Sommerfeld models and qua-
sistatic approximations to formulate electric potential equations governing the electric field
distribution within spheroidal nanoparticles. The solutions to these equations are obtained
by considering boundary conditions based on the shape characteristics of spheroidal core-
shell nanocomposites (CSNCs) and involve considerations of Maxwell’s equations. Further-
more, the study encompasses the integration of dielectric constants, depolarization factor,
metal fraction, and host matrix, along with other optical properties of both passive and
active materials, into the theoretical model. The ultimate goal within this scope is to
derive expressions for key parameters such as the local field enhancement factor, induced
optical bistability, and the bistability domain. These expressions are obtained through a
theoretical model that incorporates the specified parameters. The outcome of this deriva-
tion is anticipated to contribute to the formulation of equations describing the intricate
interaction of light with the nanocomposite.

Therefore, due to time constraints, the study is limited to the theoretical analysis and
calculation of the local field enhancement factor, induced optical bistability, and bistability

domain for the spheroidal core-shell nanocmposite with passive and active dielectric cores.

1.7 Limitations of the Study

In this dissertation study, the spheroidal form of the passive and active dielectric cores was
examined in order to determine LFEF, IOB, and BD. Additionally, the passive and active

host matrix were examined in order to determine LFEF. These investigations revealed a
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number of constraints. Notably, the obtained result includes the metal (shell) medium’s
encapsulation in the host matrix, the interfacial layer between the host matrix and metal,
and the encapsulation of dielectric cores in metals. To achieve results from the core-
sheel, and interfacial layers, it all takes time. Consequently, the primary limitation of this
study was the time constraints imposed during the analysis, hypothesis formulation, and
manuscript preparation for publication. As a consequence of this time constraint, we did
not extend our investigation to include other shapes, such as cylindrical, and others within

both passive and active dielectric cores.

1.8 Structure of the Dissertation

The dissertation consists of 5 chapters. It is organized as follows:

e Chapter 2: Investigates the effects of depolarization factor, metal fraction, and per-
mittivity of the host matrix on the local field enhancement factor of spheroidal core-
shell nanocomposites with passive and active dielectric cores. Under this chapter,
we also investigate the effects of depolarization factor, metal fraction, and dielectric

function host matrix of the core on LFEF of core-shell NCs.

e Chapter 3: Discusses the effects of depolarization factor, metal fraction, and per-
mittivity of the host matrix on induced optical bistability and bistability domain in
spheroidal core-shell NCs with passive and active dielectric cores. We also describe
the impacts of depolarization factor, metal fraction, and dielectric function host ma-

trix of the core on IOB and BD of core-shell NCs.

e Chapter 4: Describes the effects of interfacial layer on enhancement factor of local

field in spheroidal core-shell NCS in passive and active host matrix. Additionally,
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the consequence of thickness, radius, metal fractions, and depolarization factorwith
or without an interfacial layer on LFEF in spheroidal NCs in passive and active host

matrix was investigated.

e Chapter 5: This chapter provides an overview of all the study findings and suggests

areas for further investigation in the future.



Chapter 2

Local Field Enhancement Factor of
Spheroidal Core-Shell
Nanocomposite with Passive and
Active Dielectric Cores

This chapter is based on published article in Materials Research Express:

Hirpha, Tolasa Tamasgen et al., “Local Field Enhancement Factor of Spheroidal
Core-Shell Nanocomposite with Passive and Active Dielectric Cores”, Mater. Res.

Ezpress 10(4), 045005: 1-8. hitps://doi.org/10.1088/2053-1591/accb2d.

2.1 Introduction

Recently, the study of nanoparticles have attracted the attention of many scientists world-
wide. When light interacts with such nanoparticles, their optical properties are consider-
ably different from their corresponding bulk structures [135]. The optical responses of metal
coated core-shell nanoparticles are governed by oscillations of the surface electrons in the
electrical potential made by the positively charged ionic core [I36]. It has been shown that

metals have fast and strong nonlinear response [I137, [138], and if combined with dielectrics

35
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[139, [140], they are good candidates for various applications in different fields of science
and technology [141], 142] such as nonlinear optics [143]. Furthermore, many innovative
concepts and applications of such nanocomposite materials have been developed over the
past few years [I18, 119, 144, 145]. To control light by light in the systems, combining
metals with dielectrics has two main purposes[I46]. One is allowing light to enter more
deeply into metals, and this can be achieved by canceling reflections at interference. The
other is achieving light localization which in turn leads to an enhanced nonlinear response
[64], 147, 14§].

During the last three decades, the optical properties of nanoparticles have been widely
studied in various ways. Among these, core-shell NCs are found to have vast applications
in different fields of science and technology [149]. Tt is also found that the optical properties
of dielectric core-metallic shell NCs are strongly dependent on the size, metal fraction, spa-
tial distribution of the core-shell structure, and the embedding medium [I50HI53]. Other
research evidences further demonstrated that although size and embedding medium are im-
portant parameters, the surface plasmon resonances of the core-shell nanoparticles depend
much more sensitively on the particle shapes [32], 154, 155]. Hence, changing the shape
of core-shell NCs is an alternative way to tune the resonances of surface plasmons and
hence their optical properties. Due to their geometric shape providing tunability of their
optical properties, spheroidal core-shell NCs have attracted significant interest [156, [157].
Since such geometry supports plasmon resonances, spheroidal core-shell NCs composed of
a dielectric core coated by a metallic shell is one of the most useful structure for wider
tunability range from the visible to infrared regions of electromagnetic spectrum [158] [159].

However, many of the studies conducted so far focused on spherical and cylindrical

core-shell NCs [I60] [I61]. In other studies, researchers investigated plasmonic properties of
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spheroidal core-shell nanoparticles such as extinction, absorption, scattering cross sections,
and field enhancement factor as a function of parameters angle, wavelength, and distance
from the center [45]. For coated spheroidal NCs, the effect of depolarization factor and
the surrounding dielectric constant on the optical bistability and absorption spectra has
been studied [47, 162]. To the best of our knowledge, the effect of passive and active di-
electric cores on local field enhancement factor (LFEF) has not been largely investigated
for spheroidal core-shell NCs. Thus, in the present study, we theoretically and numeri-
cally investigated the effects of passive and active dielectric cores, metal fraction, and host

matrices on the LFEF of dielectric core-metallic shell spheroidal NCs.

2.2 Theoretical Models and Calculations

We considered spheroidal core-shell nanocomposite in the quasistatic approximation. To
investigate its effect on LFEF, the dielectric function of the core was taken to be either
passive or active. The dielectric function, €4 of the core is called passive or active depending
on the response of the material to the applied electric field. This dielectric function can be
written as [163]:

£4= €+ icy, (2.2.1)

where 5:1 and 52 are the real and imaginary parts of the dielectric function of the core
material, respectively. When 5; = 0, the core’s dielectric function will be passive and when
5;; < 0, it will be active. In this study, both components of the dielectric functions were

separately considered.
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2.2.1 Electric potential distribution in spheroidal core-shell nanocom-

posite

Using spheroidal core-shell NCs, it is possible to investigate spherical and cylindrical core-
shells by limiting cases [164]. However, our approach in the present work is the reverse of
this. By applying boundary conditions and solving the Laplace’s equations for spherical
core-shell NCs, the electric potential distributions in the core, shell, and host matrix were
obtained. Then, by employing the depolarization factors, we obtained the corresponding

equations for a system of spheroidal nanocomposites.

Figure 2.1: Schematic representation of spheroidal core-shell NCs. The dielectric constants
of the core (active or passive), shell, and host matrix are denoted by &4, &, €p, respectively.

Consider the core-shell nanocomposite shown in Fig. where the dielectric core has a
radius 7, and dielectric permittivity ;. The shell is characterized by the radius r, and
dielectric permittivity &, (where r; < r5 ). The host material has an electric permittivity

ep. Then, the electric potential distribution in the dielectric core (®,), metallic shell (,,),
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and host matrix (®,) are, respectively, given by [42]:

¢, = —FEgArcos, r <, (2.2.2)
C
b, = —Eo( Br— — Jcost, 1y <r <y, (2.2.3)
r
D
o), = —Ey (7“ - —2) cosf, 1 >ry, (2.2.4)
r

where Ej is the applied electric field, » and 6 are the spherical coordinates of the
observation point (the z-axis, chosen along the vector FEy), A, B, C, and D are unknown
coefficients to be calculated using the continuity equations of the electric potential and
displacement vector at the boundaries between core-shell and shell-host matrix interfaces.
At the boundary between the dielectric core and the metallic shell, the potentials must

satisfy the following boundary conditions [43]:
Dy =Ppy |r=p, - (2.2.5)

Substituting Eqns. (2.2.2)) and (2.2.3)) into Eqn. (2.2.5)), and simplifying, we obtain:

A-5-< (2.2.6)

7
Similarly, at the boundary between the metallic shell and the host matrix, the equation for

the potentials can be written as:

B = |y, - (2.2.7)

Now, substituting Eqns. (2.2.3) and (2.2.4) into Eqn. (2.2.7), we found the expression
which relates the coefficients B, C', and D as follows:

C D
Ty Ty

(2.2.8)
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The continuity equations for the displacement vector at the interfaces are given by

1 0d, 1 09,
- = —— 2.2.9
T1 69 r=r (&1 89 r:r1’ ( )
1 09, 109,
ro Or |,_, T2 00| _°
1 0%, 109,
294 2m) 2.2.10
Edrl or c r 00 |,_. ( )
10, 1 0%y,
Em— =ep—— ,
re Or |,_,. "ry 00 —ry
By substituting Eqns. (2.2.2))-(2.2.4)) into Eqns. (2.2.9) and (2.2.10) and simplifying,
we obtain
C
Agg=¢em| B+2— |, (2.2.11)
&
and
2C 2D
Em (B + —3) =¢p <1 + —3> (2.2.12)
T3 T3

By introducing the depolarization factor L into equations of spherical shape, i.e., Eqns.

(2.2.11) and (2.2.12)), the equivalent equations for spheroidal shape can respectively be

given by
C
LAz = ¢, [LB +(1— L)ﬁ} : (2.2.13)
1
and
C D
Ley,B + e (1 — L)ﬁ =gy, {L +(1- L)r_?’] . (2.2.14)
2 2

Now, by substituting Eqn. (2.2.6) into Eqn. (2.2.13)), the expression for B is obtained

to be

C(l1—-L)e,+L
p= U Lent Lea (2.2.15)
s L(eqg —em)
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If we substitute the expression for B in Eqn. (2.2.15)) into Eqn. (2.2.8)), the equation

that relates C' and D can be written as

L m(l—L)— (1 —p)(Leq — Ley, D
Clegte (1=1L)=(1=p)les—Le ):1——3, (2.2.16)
1 L(eq+em) 3
where p =1 — (ry/rs)3.
Furthermore, by substituting Eqn. (2.2.15) into Eqn. (2.2.14]), we obtain
Ce2L(1—L)+ L?eq+ L(eg+em)(1 — L)(1 — plem D
—m =L 1-L0)— 2.2.17
= L(ea+ 2m) entenl =Ly, (2217)
The ratio of eqns. (2.2.16)) and (2.2.17)) leads to
D
Em + Lp(ea = <) ___2 (2218)
(L)eagm(1 = p) + Lpem(ea — em) + <2, Lep+en(1— L)%
2

Hence, the expressions for the unknown coefficients A, B, C, and D of Eqns. ([2.2.2)-(12.2.4)

can be summarized as follows:

EhEm
A= 2.2.1
La+bsh(1 —L), ( 9)
Eh (Léd + €m(1 — L))
B 2.2.20
La+bey(1—L) ( )
C (€qa — em)enL
— = 2.2.21
r3 La+bep(l—L) ( )
D (a — bep,)L
— = 2.2.22
rs  La+bey(1—1L) ( )

where

a=€emeq — PEm(Eq — em) + Lpem(eqa —em) and b =e, + Lp(eqg — €n).
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From the Drude-Sommerfeld model, the dielectric function of the metal (g,,) is given by

[165]:
1

R (2.2.23)

Em = €0 —

where €4, describes the contribution of bound electrons to polarizability, z = w/w,, v =
v/w, (w, and w are the plasma frequency of the bulk and the frequency of the incident radi-
ation, respectively), v is the electron damping constant. Moreover, the real and imaginary

parts of €, can be rewritten as

em = €, + i€, (2.2.24)
where
’ ]_ d 1" ’}/
€, = oo — ——— al Ep = ——5—.
" SRR EEE

2.2.2 Local field enhancement factor of spheroidal core-shell nanocom-

posite

Since we are using the quasi-static approach, the electric field E, (assumed to be directed
along the z-axis) is uniform. Then, by using the relation £ = —V®, the local field in the

dielectric core E; of the spheroidal nanocomposite can be written as [166]:
Ey=-Vo, = AL, (2.2.25)

where A is the complex function given by Eqn. (2.2.19)). The real quantity, |A|?, is known
as the local field enhancement factor (LFEF). If we substitute Eqn. (2.2.24]) into Eqn.
(2.2.19)), squaring it and simplifying, we find the LFEF in the dielectric core to be:

2012 ]
| A 2= (et Em) (2.2.26)

2 27
(Lal + &3€h(1 — L)) + (La2 + a4€h(1 — L))
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where

ay = e (1 —p+ Lp) + e — %) (p — Lp),
ay = e,,e,(1 —p+ Lp) +2e,6,(p — Lp),

az = ¢, (1 — Lp) + Lpe,

17

as = ¢, (1 — Lp) + Lpe,.

2.3 Results and Discussions

We studied the effect of passive and active dielectric cores on LFEF of spheroidal core-shell
NCs by varying the depolarization factor (L), metal fraction (p), and dielectric function of
the host matrix (¢5,). The observed effects of those parameters and findings of the study
were discussed accordingly and presented below. For numerical evaluations, the following
parameter values are used: (i) for the host matrix ¢, = 1 [166], (ii) for the silver shell
(6o = 4.5, wp = 1.45 x 10 rad/s, v = 1.67 x 10" rad/s [86], 167]), and (iii) for the

dielectric core ¢, = 2.25, £, = 0 (for passive) and e, = —0.13866 (for active) [41].

2.3.1 The effect of dielectric function of the core on LFEF of

core-shell nanocomposite

To investigate the effect of passive and active dielectric core on the LFEF of spheroidal
core-shell NCs, all other parameters such as depolarization factor, metal fraction, dielectric
constants of the metallic shell, and that of the host matrix were kept constant, we plot using
Eqn. . Then, to see the effect, the dielectric function of the core was made passive
and active alternately. Under these conditions, the study shows that the LFEF of the
spheroidal core-shell NCs posses two peaks with the passive dielectric cores whereas only

one peak is observed with active dielectric core (Figs. [2.2|a) and (b)). As the depolarization
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factor increases from 0.34 to 0.42 equally in both passive and active core, the first set of
peaks (counted from left to right) of LFEF of the spheroidal core-shell NCs show similar
patterns both in passive and active dielectric core. However, all peaks of LFEF were more
pronounced in the passive dielectric core than its corresponding active core. This may
indicate that passive dielectric core is preferable to the active one when higher and two sets

of peaks of local filed enhancement factors are required.
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Figure 2.2: LFEF of the spheroidal core-shell NCs: (a) in passive dielectric core and (b)
in active dielectric core with €, = 1, p = 0.99, e, = 4.5, 511 = 2.25, 52 = —0.13866, and
v =0.0115.

The nanocomposite with passive dielectric core, although the first and the second sets
of the corresponding peaks of LFEF increase with increase in depolarization factor, the
intensities of the first peaks are comparatively larger (Fig. [2.2f(a)). This might be attributed
to the case that the core holds the applied field as the field passes from the metallic
shell to the dielectric core. From this figure, it is observed that with an increase in the
depolarization factor, the first and the second sets of peaks are blue shifted (towards larger

z or shorter \) and red shifted (towards smaller z or longer \), respectively. This caused
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the horizontal positions between the corresponding peaks of the LFEF to become closer to
cach other. It is worth noting that our findings on Fig. [2.2{a) is similar to the previous
study showing that LFEF possesses two peaks when the dielectric core with real dielectric

function (passive) is considered in metal coated spheroidal core-shell NCs [164]. Hence, the

Table 2.1: Effects of depolarization factor, (L) and its LFEF value for of spheroidal core-
shell NCs in passive core (PC) and active core (AC).

Approximate value of x|FE}|?
Depalization factor, L 1%%and 2"* peak in PC (x10°) in AC (x10°)

0.34 3.630 (0.2226) 0.9700
0.36 5.496 (0.5877) 1.096
0.38 8.838 (1.332) 1.233
0.40 15.17 (3.169) 1.381
0.42 28.10 (7.650) 1.550

number and the intensities of peaks of LFEF of spheroidal core-shell NCs vary greatly in

the same material when its core is made passive and active dielectric.

2.3.2 The effect of metal fraction on LFEF of spheroidal core-
shell NCs

Next, we considered the effect of metal fraction on the LFEF core-shell NCs. For the same
parameters, the LFEF of spheroidal core-shell NCs vary with the metal concentration both
with passive and active dielectric cores were plotted using Eqn. (2.2.26)), as shown in (Figs.
2.3(a) and (b)). It shows that when the metal fraction of spheroidal core-shell NCs with
passive dielectric core increases, the intensities of peaks of the first set of LFEF increases
and are blue shifted. Similarly, the peaks of the second set also increases in intensity, how-

ever, they are slightly red shifted (Fig. [2.3|(a)).
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Figure 2.3: The effect of the metal fraction on LFEF of spheroidal core-shell NCs: (a)
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p/assive dielsctric core and (b) in active dielectric core with ¢, = 1, L = 0.40, e
gq = 2.25, ¢, = —0.13866, and v = 0.0115.

We have seen that for a constant metal fraction (p = 0.99) and the same change in de-
polarization factor, peaks of LFEF varies in number and intensities in NCs with passive
dielectric core (Fig. [2.2(a)). On the other hand, when the metal fraction p is changed
uniformly from 0.91 to 0.99 for the same depolarization factor (L = 0.40), the patterns of
the LFEF observed in Fig. [2.3((a) is similar to the pattern observed in Fig. 2.2(a), but their
intensities were about ten times larger in Fig. 2.2)(a). Similarly, when Figs. 2.2|(b) and 3(b)
are compared, the patterns of the LFEF observed seem to be similar. Yet, larger intensities
were noticed when the depolarization factor increases than does the metal fraction. When
the depolarization factor changes, obviously the geometry of the spheroidal core-shell NCs
also changes. This might indicate that the change in the geometry of the spheroidal core-
shell NCs has larger effect in increasing the LFEF than the metal concentration. These
results are in agreement with that reported in Ref. [16§].

Furthermore, when the dielectric core becomes active (perturbed by an incident field),
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Table 2.2: Effects of metal fraction, (p) and its LFEF value for of spheroidal core-shell NCs
in passive core (PC) and active core (AC).

Approximate value of x|Ej|?
Metal fraction, p 1%fand 2"¢ peak in PC (x10°) in AC (x10)

0.91 2.553 (0.1396) 1.447
0.93 3.422 (0.2556) 1.433
0.95 4.884 (0.4915) 1.416
0.97 7.783 (1.072) 1.402
0.99 15.18 (3.101) 1.385

the peak values of the LFEF in the core-shell structure increase with increase in the depo-
larization factor provided that the metal fraction is kept constant (Fig. [2.2(b)). However,
when the metal fraction increases at constant depolarization factor, the peak values tend
to decrease (Fig. [2.3[b)). Hence, it is observed that the depolarization factor and the
metal fraction show different effects on the LFEF of spheroidal core-shell NCs with active
dielectric core. Moreover, for the system of nanocomposites considered, whether the depo-
larization or metal fraction varies, only a single peak is observed when the core is active
dielectric.

Hence, we found that when the core of the metallic shell of the spheroidal core-shell NCs
is made active, it seems that the whole system behaves like a metal nanoparticle. However,
when the dielectric core is passive, two peaks of the LFEF were observed for spheroidal

core-shell NCs.

2.3.3 The effect of the host matrix on LFEF of spheroidal core-
shell NCs

Finally, by using Eqn. (2.2.26)), we investigated the effect of the dielectric function of the

host matrix on the LFEF of the spheroidal core-shell NCs with passive and active dielectric
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cores. For, the NCs with passive dielectric core, it is observed that the intensities of the

LFEF decrease with increase in the dielectric function of the host matrix (Fig. [2.4{a)).
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Figure 2.4: The effect of the host matrix on LFEF of spheroidal core-shell NCs: (a)
= 4.5,

passive dielectric core and (b) in active dielectric core with L = 0.36, p = 0.99, £
£, =225, ¢; = —0.1386, and v = 0.0115.

Moreover, for the same increase in the dielectric function of the host material, the first
set of peaks (counted from left to right) of LFEF were red shifted, while the second peaks
show no shifts (Fig. [2.4(a)). When the dielectric function of the host matrix increases
while L and p are kept constant, the peaks of the LFEF are red shifted (Fig. [2.4(b)). The
result also show that the effect of dielectric function of the host material on the LFEF
is different in passive and active dielectric core of the spheroidal core-shell NCs. That is,
for the same increase in the dielectric function of the host matrix, the intensity of LFEF,
respectively, decreases and increases when the dielectric core is made to be passive and
active (Figs. 2.4(a) and (b)). Comparing Figs. [2.3(a) with [2.4(a), and 2.3(b) with [2.4b),
it is seen that the metal fraction and dielectric function of the host matrix have reverse

effects on the LFEF of spheroidal core-shell NCs. Generally, the results agree with other



49

Table 2.3: Effects of host matrix, (¢5) and its LFEF value for of spheroidal core-shell NCs
in passive core (PC) and active core (AC).

Approximate value of x|FE}|?
Permitivity of host matrix, g, 1%and 2"? peak in PC (x10°) in AC (x10°)

1.0 9.726 (3.014) 2.853
1.1 8.823 (2.343) 3.585
1.2 8.017 (1.853) 4.356
1.3 7.381 (1.499) 5.161
1.4 6.893 (1.254) 6.004

research findings in that varying the dielectric functions of the surrounding medium plays
an important role in determining the resonance positions of the field emissions in core-shell

nanostructures [I69-171].

2.4 Conclusions

We investigated the effect of passive and active dielectric cores on the LFEF of spheroidal
core-shell NCs by varying L, p, and €. The results show that whether L, p, or ¢, vary
or kept constant, the LFEF of the spheroidal core-shell NCs possesses two sets of peaks
in NCs with passive dielectric core whereas only one set of peak is observed in the NCs
with active dielectric core. In addition, the two peaks observed in spheroidal core-shell
with passive dielectric core, the first set of peaks are more pronounced than the second,
indicating that passive dielectric core is preferable to the active one when higher and two
sets of peaks of LFEF are required. We also found that as L increases, the peaks of LFEF
are increased and blue shifted in both passive and active dielectric cores.

Moreover, when p in the passive dielectric core increases, the intensities of the peaks of
the first set of LFEF increases and are blue shifted. Similarly, the second set of peaks also

increases in intensity, however, they are slightly red shifted. Yet, larger intensities were
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noticed when L increases than does p, indicating that change in the geometry of spheroidal
core-shell NCs has larger effect in increasing the LFEF than the metal concentration.
Furthermore, with an increase in ¢, the intensity of the LFEF decreases when the
dielectric core is passive and increases when the core is active. Moreover, when ¢;, increases
while keeping L and p constant, the peaks of the LFEF are red shifted in the spheroidal
NCs with both types of dielectric cores. For the same increase in €5, the intensity of the
LFEF decreases and increases when the dielectric core is passive and active, respectively.
For spheroidal core-shell NCs with active dielectric core, increasing L and &), increases the
peak intensities of the LFEF, however, the peak positions are reversed. Moreover, p and
¢, have reverse effects on the LFEF of the spheroidal core-shell NCs. We found that the
peak values of the LFEF of the spheroidal core-shell NCs can be tuned by changing the
depolarization factor, metal fraction, and dielectric function of the host medium of the
NCs. Moreover, the number and the intensities of these peaks vary significantly when its
dielectric core is made passive than active. Hence, by changing these parameters and types
of dielectric cores, adjustable LFEF of spheroidal core-shell NCs could be obtained and

used for applications in optical sensing, nonlinear optics, and quantum optics.



Chapter 3

Investigation of Optical Bistability in
Spheroidal Core-Shell
Nanocomposites with Passive and

Active Dielectric Cores

This chapter is based on published article in AIP Advances:

Hirpha, Tolasa Tamasgen et al., “Investigation of Optical Bistability in Spheroidal
Core-Shell Nanocomposites with Passive and Active Dielectric Cores”, AIP Ad-
vances 14, 015087: 1-9. https://doi.org/10.1063/5.0180907.

3.1 Introduction

One of the most rapidly developing areas of condensed matter physics and nanotechnology
nowadays is the control of light at the nanoscale [I72]. Devices of nonlinear optics are one
of the various types of nanosized particles, and induced optical bistability (IOB) is one of
them. IOB is particularly fascinating since it can be applied to optical computers, quantum

information, optical detectors, optical transistors, and other applications [37]. Moreover,

o1
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IOB refers to the circumstance in which two distinct output intensities are obtained for a
given input intensity. Additionally, [OB can be used to monitor light by the light itself. This
implies that, depending on whether an optical property is caused by the intrinsic properties
of the optical device or by external feedback, it may have two different values at high
incidence intensities [I73]. Furthermore, the observed bistability effects may be caused by a
significant enhancement of the electric field within the particles, which can be brought about
by a suitable ratio of the host to particle dielectric permittivity, modification of the field
within a particular particle by its environment, and surface plasmon resonance [174] [175].
Hence, it is desirable to investigate and comprehend the optical bistable properties of
nanoscale optical devices before designing them for real-world applications.

To address this, IOB in nanostructures has been studied and investigated theoreti-
cally and experimentally by different scholars [36], 40, 176, 177). It was also shown that
nanoparticles with metallic shell coatings display optical bistability over a wider range of
incident light intensities [I78]. Moreover, the size, spatial distribution, and makeup of
the surrounding host matrix can all affect the properties of nanoparticles [I79]. IOB also
largely depends on the geometry of the shell-coated nanoparticle, particularly the volume
fraction of the metallic core [42]. Careful monitoring and design over these parameters can
make nanocomposites (NCs) a promising medium for the development of novel nonlinear
materials in nanodevices and optical elements. [150].

To study the effects of shape, size, composition structure, and spatial distributions of
NCs on the IOB, wide ranging researches have been conducted [86l [180-182]. However,
the majority of these researches focused on spherical or cylindrical core-shell NCs and no
enough spheroidal core-shell geometry were considered. Even where the IOB property of

ellipsoidal core-shell nanocomposite was investigated [I83], the effects of active and passive
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dielectric cores were given no attention. Previous studies show that the dielectric material
as a core coated with metals are used to study the optical bistabllity property of core-shell
NCs [37, [184-186]. By the utilization of electromagnetic field enhancement effects, noble
metals such as silver has been used to study the bistable response and the nonlinear effects
of NCs [109]. Hence, using dielectric function (passive and active) as a core and silver
metal as a shell in different external embedding medium, we investigated the effects of
depolarization factor (L), metal fraction (p), and dielectric permittivity (e5,) of host matrix
on induced optical bistability (IOB) and bistability domains (BD) of spheroidal core-shell

NCs in active and passive dielectric cores.

3.2 Theoretical Model and Calculations

Based on the quasistatic approach [I87], we proposed a model shown in Fig. and inves-
tigated its OB theoretically and numerically. To obtain the optical bistable behavior [I85],
we considered a spheroidal core-shell NCs with dielectric core of radius r; and dielectric
permittivity 4. The shell (Ag) has a radius ry and a field dependent dielectric permittivity
€m- The whole nanocomposite is embedded in a dielectric host matrix of dielectric function
g, and is illuminated with incident electromagnetic radiations. The dielectric function, &g,
of the core is called passive or active depending on the response of the material to the

applied electric field. This dielectric function can be written as [163]:
€4 = €4+ igy, (3.2.1)

where €Id and 8; are the real and imaginary parts, respectively. If 8:1 > 0 and 62 = 0, the

. . . . 4 " . . . . .
dielectric is passive; whereas ¢, = 0 and ¢, < 0, is active dielectric function.
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Figure 3.1: Schematic representation of spheroidal core-shell NCs.

3.2.1 Induced optical bistability of spheroidal core-shell nanocom-

posites

To investigate the IOB of spheroidal core-shell NCs, it is worth considering the electric
potential distributions in the different regions of the nanocomposite. Referring to Fig. [3.1],
the electric potential distribution in the dielectric core (®4), metallic shell (®,,), and host

matrix (@) are, respectively, given by [78, [188]:

b, = —FE,Arcosf, r<rq, (3.2.2)
C

®,, = —Ey| Br— — | cost, 1 <1 <y, (3.2.3)
r

D
by, = —-E), (7“ — —2) cosf, r >y, (3.2.4)
r
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where F), is the external incident electromagnetic field, r and # are the spherical coordinates
(the z-axis, chosen along the vector Ej), A, B, C, and D are unknown coefficients to be
determined using the appropriate boundary conditions at the interfaces. Hence, it can be

shown that [189]:
EREm

A= 3.2.5
LCL—Fb&‘h(l—L), ( )
_ eh(am + L(eq — am)) (3.2.6)
La+be,(1—-L) o
(ea —em)enl 4
= 3.2.7
La + bep(1 —L)TQ’ ( )
(CL — bgh)L 3
= 2.
La+ben(1—L) % (3:28)
where
a=€meq — Pem(€a — €m) + Lpem(eq4 — em), (3.2.9)
b=¢em+ Lp(eq — em), (3.2.10)

where p = 1— (r1/73)? is the metal fraction. It is worth noting that Eqns. (3.2.2) - (3.2.10))

are general equations derived for spheroidal core-shell nanoparticles, but can be adapted to
be used for the description of the electric potential distribution of spherical and cylindrical
core-shell nanoparticles by setting L = 1/3 and L = 1/2 [190, [191], in Eqns. (3.2.2)) -
, respectively.

The local electric field F; induced in the dielectric core of the spheroidal NCs is related

to the incident electric field Ej, is given by [166]:

Ey = A|Ey|. (3.2.11)
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Also, we considered the nonlinear form of the dielectric constant of the core to be given by
[173]:
E1=cq+ x(w)|EL]?, (3.2.12)

where x(w) is the complex Kerr coefficient, and Fj is the local electric field in the core.
Using the Drude-Lorentz model, the electric permittivity of the metallic shell, ¢,,, is

given by [160]:
1

S (3.2.13)

Em = €
where €., describes the contribution of bound electrons to polarizability, z = w/w,, p =
v/w, (w, and w are the plasmon frequency of the bulk and the incident radiation frequencies,
respectively), v is the electron damping constant [I8§].

Moreover, the real and imaginary parts of €, can be rewritten as

Em = €, + i€, (3.2.14)
where
’ 1 " p
€, =€ — ———, Em = — 55+
mn 22+ p? z2(22 4 p?)

To derive the expression for IOB in the core-shell spheroidal NCs, we considered the non-
linear dielectric core coated with linear metallic shell and then the whole nanocomposite
placed in linear host matrix. Based up on this, we substituted Eqn. and the first
part of Eqn. into Eqn. and , and finally, inserting into Eqn. (3.2.5))
we obtained the reduced LFEF.

Further multiplication and simplification of Eqn. , one can get

AP = e2(e2 +¢e,?)

= 2.1
aX?+ X+’ (3:2.15)

where

1"

o= [Lé(siis;n — 5;5;;) + LC(&?;Z - 5;;12)]2 + [Lsmé]Q,
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"on

B = 2{[Lé(ese,, — eqem) + L(e2 — ,2)¢] x (Ley,d +en(l — L)Lp) + [Lé(e4er, + eyey)

+ 26,60 LC + (e +e,Lp) x {en(1— L)}] x (Le,,0)},

and

"on 1

v o= [Lé(é?;,étlm — ey )+ L(e? — 83)(} s [Lé(gilg;/n +eye) + 2660 LC

+ (en€ +enlp) x (en(1 — L)),

where 6 =1—p+Lp, (=p(1—L),{=1— Lp.
To find the expression for IOB, first let us square both sides of Eqn. (3.2.11)) and

multiply by x. From this, we get
X = |APY, (3.2.16)

where X = y|E;|* and Y = x|E},|>. Then, by substituting Eqn. (3.2.15) into (3.2.16]), the
IOB, Y we obtain:
Yn=aX?+ BX? +X. (3.2.17)

where 7 = (5;,21 +&,2)et.

3.2.2 Bistability domain of spheroidal core-shell nanocomposites

The bistability domain of spheroidal core-shell NCs in the plane (z,|FE|*) can be found
from the analysis of roots of the cubic equation presented in Eqn. (3.2.17)), where the
root location can be indicated by using Routh-Hurwitz theorem as referenced in [192H194].
Hence, from this analysis, the bistability domain (BD) of the spheroidal core-shell NCs in

the plane (z, x|Ex|?) can be given as

dy
Eha—) 2.1
T =0 (3.2.18)
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Here, by examining the core-shell spheroidal BD in the plane (z, x|Ex|?), and we can get
its solution by analyzing the roots of the Eqn. (3.2.17)) it becomes:

vy = (=262 + 6a7)(—B £ /(8 —3a7)
3

" 9a

v8]. (3.2.19)

Eqn. (3.2.19)) is called the bistability domain (BD).

3.3 Results and Discussions

We investigated the effects of varying L, p, and ¢, on the IOB and BD of spheroidal
core-shell NCs in passive and active dielectric cores. The model considered in the study,
specifically consists a dielectric core (passive and active), a silver (Ag) shell, and different
host materials. The parameters used for numerical evaluations are [41], 86l [166] [167]:
e, = 23 and €, = 0 (for passive core), €, = 0 and ¢, = —0.13866 (for active core),

Eoo = 4.5, wy, = 1.45 x 10'% rad/s, p = 1.15 x 1072, v = 1.67 x 10'* rad/s, and z = 0.2.

3.4 Induced Optical Bistability of Spheroidal of Core-
Shell NPs

Among the parameters that affect the induced optical bistability in spheroidal core-shell
nanoparticles with passive and active dielectric cores are the depolarization factor (L), the
metal fraction (p), and the permittivity of the embedding host matrix (¢5,). The numerical

results and the corresponding discussions are presented in the following subsections.
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3.4.1 The effect of depolarization factor on IOB of core-shell

nanocomposite

Depolarization factor is one of the parameters that affects the optical properties of spheroidal
NCs. For a fixed metal fraction (p), the IOB can only be observed when the depolarization
factor (L) is larger than a certain critical value [195], [196]. Larger L values above the critical
value indicate that the NC is disk-like, which enhances surface plasmon resonance effects
on the metallic shell; smaller L values indicate that the NC is needle-like, and thus the
plasmonic effects as well as the optical bistability property may not be observed [196], 197].
By using Eqn. (3.2.17)), we plotted and investigated the graphs of IOB and how it changes
in passive and active dielectric cores with changes in L at constants p and &, as shown
in Figs. [3.2(a) and (b). When we slowly increase the value of L from 0.34 to 0.42, we
observe an S—like shape of IOB produced in both in passive and active dielectric cores of
spheroidal NCs.

Although there are the same change in L generally resulted in similar patterns of stable
states of IOB of spheroidal core-shell NCs in both passive and active cores. With the same
values of L, p, €5, and composition of spheroidal core-shell NCs, the switching-up threshold
is achieved at lower applied field in the passive dielectric core than the active one. Whether
the dielectric core is either passive or active, it could be observed that bistability is obtained
by changing the intensity of incident electromagnetic field.

In both types of dielectric cores, the switching-up and switching-down threshold points
of OB for varying L are achieved nearly at equal values of applied fields. That is, the
switching-up and switching-down threshold points do vary significantly with changes in
depolarization factor. However, when L increases, the bistable region of OB increases

leading to wider range of incident electromagnetic fields between the onset and offset points
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Figure 3.2: I0OB of spheroidal core-shell (Ag) NCs (a) in passive dielectric core and (b)
in active dielectric core with parameters: ¢, = 2.3 and €, = 0 (for passive dielectric
core), ¢, = 0 and ¢, = —0.13866 (for active dielectric core), e, = 4.5, v = 1.15 x 1072,
wp = 1.45 x 10'® rad/s, v = 1.67 x 10" rad/s, e, = 1.5, p = 0.9, z = 0.2, and different
values of L.

as shown in Table 3.1. Our finding well agrees with previous study [44].

When we compare the bistability region for IOB in passive and active dielectric cores, we
find that the region is narrower in the passive and broader in the active dielectric core (Fig.
3.2(a) and (b)). However, in both cores, the local field in the nonlinear core increases as

the incident field increases. When the applied field amplitude reaches the upper threshold

field, the local field amplitude in the core discontinuously jumps to the top stable branch.

Table 3.1: Depolarization factor (L) and switching-up and down incident field value for
IOB of spheroidal core-shell NCs in passive core (PC) and active core (AC).

Approximate value of x|Ej|?
Depalization factor, L Onset (x10%) (offset) in PC  Onset (x10%) (offset) in AC

0.34 2.945 (3,593) 3.550 (632.7)
0.38 2.689 (4,172) 3.321 (757.3)
0.42 2.388 (4,726) 3.036 (767.3)
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If the incident field is reduced from a large value, the local field in the core first decreases
continuously, and then jumps down to the lower stable branch. This is in agreement with

previous findings on OB [34].

3.4.2 Effect of metal fraction on 1I0B

When we vary the metal fraction in nanocomposites, their optical bistability properties
shows some interesting phenomena. In particular, increasing the metal fraction enhances
their ability to interact with electromagnetic waves, reduces the interparticle distances as
well as the power needed to operate, and makes them more flexible to tune their material
properties [80l 197, [198]. Therefore, next we studied the effect of increasing or decreasing
the metal fraction on the IOB of spheroidal core-shell NCs with passive and active dielectric
cores. It is shown that fixing the values of L and ¢;, using the derived Eqn. and
changing the metal fraction by the same amount produces different peaks and bistability
regions of IOB in passive and active dielectric cores (Fig. [3.3(a) and (b)). When the metal
fraction increases, the incident field required at each switching-up threshold points also
increases both in passive and active dielectric cores (Table 3.2). However, the switching-
down points for various values of p occur at nearly the same incident electromagnetic field.
Further, comparison of the results from Fig. that shows the value of x|Ey|? at which
switching-up of IOB occurs for each value of the increase in p is larger in active dielectric
core.

When the radius of the core increases, i.e., when the p value decreases, the bistable
threshold of spheroidal core-shell NCs decreases leading to smaller bistable outputs as
shown in Table 3.2. On the other hand, when the metal fraction increases, the switching-

up threshold field increases and the bistable region produced gets wider. Hence, it could
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Figure 3.3: I0OB of spheroidal core-shell (Ag) NCs (a) in passive dielectric core and (b)
in active dielectric core with parameters: ¢, = 2.3 and €, = 0 (for passive dielectric
core), ¢, = 0 and ¢, = —0.13866 (for active dielectric core), e, = 4.5, v = 1.15 x 1072,
wy = 1.45 x 10'® rad/s, v = 1.67 x 10" rad/s, L = 0.36, ¢, = 1.5, z = 0.2, and different
values of p.

be said that the OB in the passive and active dielectric core can be controlled by adjusting
the metal fraction or size of the core-shell NCs. We can see from our findings the effect of
metal fraction is in good agreement with previous findings on OB [176, [199].

Table 3.2: Metal fraction in passive core (PC) and active core (AC) and switching-up/down
incident field value for IOB of spheroidal core-shell NCs.

Approximate value of x|E}|?
(offset) in PC Onset ((x10%)

Metal fraction, p  Onset ((x10%) (offset) in AC

) )
0.90 2.826 (3,882) 3.445 (674.9)
0.94 3.537 (4,255) 4.232 (805.3)
0.98 4.421 (4,551) 5.200 (920.9)
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3.4.3 Effect of embedding medium on 10B

Permittivity of the embedding host matrix is one of the parameters that affects the IOB of
nanoparticles. The IOB response is sensitive to changes in the permittivity of the embed-
ding host matrix. Increasing the permittivity of the host medium enhances electromagnetic
wave interaction with the NC, improves signal quality and stability and provides a means
to control the switching-up and switching-down thresholds of the IOB; while decreasing
the permittivity weakens light interactions, limits the operating threshold values of the
IOB, and makes the NC sensitive to external factors [I78, [200]. Hence, in the design and
fabrication of bistability systems, these effects must be considered. In this section,by us-
ing Eqn. , we studied the effect of varying the permittivity of the host matrix in

spheroidal core-shell NCs with passive and active dielectric cores. We used different values
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Figure 3.4: I0B of spheroidal core-shell (Ag) NCs (a) in passive dielectric core and (b)
in active dielectric core with parameters: ¢, = 2.3 and e, = 0 (for passive dielectric
core), ¢, = 0 and ¢, = —0.13866 (for active dielectric core), e, = 4.5, v = 1.15 x 1072,
wy = 1.45 x 10'% rad/s, v = 1.67 x 10" rad/s, L = 0.34, p = 0.94, z = 0.2, and different
values of &y,.

of g, at constant values of L and p and investigated the result for spheroidal core-shell NCs
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in passive and active dielectric cores, as shown in Fig. [3.4] The result shows that when the
value of ¢, increases, the switching-up threshold field also increases in both types of cores.
When the value of g, = 1.0, the values of x|FE}|?> are nearly 3.65 x 10* and 4.207 x 10?
in passive and active dielectric cores, respectively. When ¢, value is increased to 2.0, the
corresponding switching-up threshold fields increase to 3.873 x 10* and 4.588 x 10% in pas-
sive and active dielectric cores, respectively (Table 3.3). Hence, for large values of ¢, the
switching-up threshold of IOB of spheroidal core-shell NCs also occurs at large values of
incident field.

Moreover, it could be observed that increasing the dielectric constant of the embedding
medium decreases of the bistable region of IOB in both passive and active dielectric cores
of spheroidal core-shell NCs. Additionally, one can observe that increasing the surrounding
dielectric constant produces no change in the switching-down threshold field, especially in
the active dielectric core.

Table 3.3: Permittivity of host matrix and switching-up incident field value for IOB of
spheroidal core-shell NCs.

Approximate value of x|Ej|?

Permitivity of host matrix, ¢, Onset (x10?) (offset) in PC  Onset ((x10%) ) (offset) in AC

1.0 3.565 (4,203) 4.207 (1005)
1.5 3.712 (4,118) 4.388 (840.6)
2.0 3.873 (3,685) 4.588 (575)

In conclusion, the IOB of spheroidal core-shell NCs in passive and active dielectric core
is sensitive to the changes in L, p and ¢,. Changing those parameters under different
conditions can lead to the possibility of tuning the bistable thresholds and the bistable
regions which enables one to design various types of nanodevices for practical applications

in nonlinear optics.
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3.5 Bistability Domain of Spheroidal Core-Shell NCs

We have also studied the characteristics of bistability domain (BD) in the z —Y plane using
eqn. . Then, eqn. represented by (f1, f2) is called curves of BD, where
f1 and fy are the curves for switching up and down of BD, respectively. Particularly, we
investigated effects of depolarization factor L, metal fraction p, and dielectric permittivity
of host medium ¢, on the BD of spheroidal core-shell NCs in active and passive dielectric

cores. The results obtained from the investigation are presented as follows.

3.5.1 Effect of depolarization factor on BD

To see the effect of depolarization factor on the BD of the spheroidal core-shell NCs, we
used two different values of L (i.e., L = 0.34 and L = 0.36) at constant p and &,. By
setting z = 0.2, the plots of the OB and the BD of the NCs for active and passive dielectric
cores are as shown in Figs. [3.5[a) and (b). From Fig. [3.5(a), the BD region for passive
dielectric core are found at 4778 and 3.185 x 10* offset and onset points, respectively. For
the active dielectric core, the offset and the onset points of the BD are found at 1251 and
3.62 x 10, respectively (Fig. [3.5(b)). This shows that the ranges of BD are relatively wider
in the active dielectric core than the passive one, indicating that the type of dielectric core
material (being passive or active) affects the BD of the spheroidal core-shell NCs. However,
whether the dielectric core is passive or active, the points of BD are confined within the
IOB regions.

In both passive and active dielectric cores, f; and f5 are the in set regions of the BD of
spheroidal core-shell NCs (Fig. . This reveals that when the value of the depolarization

factor changes, the region of BD also changes in both types of cores.
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Figure 3.5: BD of spheroidal core-shell(Ag) NCs: (a) in passive dielectric core and (b) in
active dielectric core with parameters L = 0.34,0.36, €, = 1.5, p = 0.99, 5; = 2.3, 62 =0,
and z = 0.2, where the rest of parameters are the same as in Fig. (3.2

3.5.2 Effect of metal fraction on BD

By keeping the values of L = 0.34 and ¢, = 1.5 constant, we investigated how the BD of
spheroidal core-shell NCs changes with the change in metal fraction, p. The analysis shows
that change in BD is observed for different frequencies in both passive and active dielectric
cores (Fig. . In particular at z = 0.2 one can clearly see that the regions of BD are
found between 4684 and 2.792 x 10* points for the passive dielectric core. Similarly, the
regions of BD for the active dielectric core are found between the 1241 and 3.199 x 10*
points (Fig. . Comparing the results of Fig. m with that of Fig. ﬁ, wider regions of
BD are observed in both passive and active dielectric cores when the depolarization factor
varies rather than varying the metal fraction.

Further observation of Fig. shows that the BD regions of the NCs vanish after
0.26 and 0.28 in the passive and active dielectric cores, respectively. When electric field

X|Enr|> = 4684 is applied to the passive dielectric core spheroidal NCs system, the BD
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Figure 3.6: BD of spheroidal core-shell(Ag) NCs: (a) in passive dielectric core and (b) in
active dielectric core with parameters: ¢, = 1.5, L = 0.36, z = 0.2, and varying metal
fraction, p, where the rest of parameters are the same as in Fig. @

regions I and II confined between f; and fy are formed, where the negative root started
emerging from y|E,|? = 2.792 x 10, as shown in Fig. [3.6(a). As shown by black and
red color line on Fig. [3.6(b), the BD in the active dielectric core system bends up and
open widely as the value of z decreases from 0.26 to 0.2 for positive and negative roots.
When the two lines overlap at about z = 0.26, no BD is observed in both passive and
active spheroidal core-shell NCs. This means that the BD region decreases gradually as
the frequency exceeds z = 0.2 and finally merges after z = 0.26. Further observation again
shows that the inset regions of BD are comparatively narrower in passive dielectric core
than the active core (Figs. [3.6(a) and (b)). Generally, changing the value of p in both
passive and active dielectric cores causes the BD to vanish or emerge. There are also other

previous studies that support this finding [86], 201].
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3.5.3 Effect of embedding medium on BD

We also investigated how the change in the dielectric permittivity of the surrounding
medium (ej) affects the BD of spheroidal core-shell NCs of passive and active dielectric
cores. At constant values of L = 0.34 and p=0.99, we changed the value of ¢, from 1.1
to 1.5. From the analysis, we observed that there are two separate peaks in both types
of dielectric cores, with each of the peaks showing their own characteristics (Figs. [3.7)(a)
and (b)). Moreover, the inset regions of the BD merges after the frequency reaches about

z =0.24 and z = 0.26 in the passive and active dielectric cores, respectively. As observed
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Figure 3.7: BD of spheroidal core-shell(Ag) NCs: (a) in passive dielectric core and (b) in
active dielectric core with parameters: p = 0.99, L = 0.34, z = 0.2, and ¢, = 1.1, 1.5, where
the rest of parameters are the same as in Fig. 3.2,

in the cases of L and p, the variation in ¢, also produces wider offset and the onset region
of the BD in active dielectric core than in the passive core. Generally, the BD is clearly
displayed between f; and f5 regions with red and black color lines resulted from the root
analysis of Eqn. (3.2.19). As the permittivity of the embedding medium changes, BD

ranges are observed in the OB regions in both passive and active dielectric cores.
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From this, it could be said that the change in the value of the dielectric permittivity
of the embedding medium ¢, affects the BD of the spheroidal core-shell NCs both in
passive and active dielectric cores. Hence, managing this parameter helps to acquire the
IOB domain for the spheroidal core-shell NCs. This finding agrees with the results of the

previous studies [86], 202, 203].

3.6 Conclusions

By changing the values of L, p, and ¢, and using the root analysis approach, we examined
how the IOB and BD of spheroidal core-shell NCs change in passive and active dielectric
cores. The findings show that the IOB of the spheroidal core-shell NCs is attained at a lower
applied field in the passive dielectric core than the active one, regardless of the changes in
L, p, or €,. The study also reveals that for the same change in the values of L, the stable
states of IOB of spheroidal core-shell NCs in both passive and active cores show similar
patterns. Particularly, for the same change in L, the switching-up and switching-down
threshold points of the IOB are obtained at comparable values for applied fields in both
types of cores. However, the IOB region is relatively narrower in the passive and broader in
the active dielectric cores. When the metal fraction increases, the incident field required at
each switching-up threshold points also increases in both passive and active dielectric cores
and the bistable region produced also gets wider. However, the switching-down points for
various values of p occur at nearly the same incident electromagnetic field. When the value
of p decreases, the bistable threshold of spheroidal core-shell NCs also decreases leading to
smaller bistable outputs. This concludes that the OB in the passive and active dielectric
core can be controlled by adjusting the metal fraction of the core-shell NCs. The study

also indicates that at larger values of ¢, the switching-up threshold of IOB of spheroidal
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core-shell NCs also occurs at larger value of incident field. However, the increase in ¢
the of the surrounding medium produces no change in the switching-down threshold field,
especially in the active dielectric core. In conclusion, the IOB of spheroidal core-shell NCs
in passive and active dielectric core is sensitive to the changes in L, p and &y,

The study also reveals that when the value of the depolarization factor changes, the
region of BD also changes in both types of cores. However, the ranges are relatively wider
in the active dielectric core than the passive one, indicating that the type of dielectric
core material (being passive or active) affects the BD of the spheroidal core-shell NCs.
Moreover, wider regions of BD are observed in both passive and active dielectric cores
when the depolarization factor varies rather than varying the metal fraction. Similarly, the
BD ranges are observed in the OB regions in both passive and active dielectric cores. In
conclusion, it could be said that varying the values of depolarization factor, metal fraction,
and host medium leads to the possibility of controlling the ranges of BD in spheroidal
core-shell NCs both in passive and active dielectric cores. These possibilities could enable
one to use such NCs in practical applications such as optical circuit, logic operations, and

optical memory.



Chapter 4

Effects of Interfacial Layer on
Enhancement Factor of Spheroidal
Metal /dielectric Nanocomposites in

Passive and Active Host Matrix

This chapter is based on submitted article to a journal:

Tolasa Tamasgen Hirpha and Belayneh Mesfin Ali, “Effects of Interfacial Layer
on Enhancement Factor of Spheroidal Metal/dielectric Nanocomposites in Passive

and Active Host Matriz”, submitted and is accepted for publication (October 2023).

4.1 Introduction

Recent developments in nanocomposites (NCs), and nanotechnology have made it possible
to create reliable, extremely sensitive, and focused detection techniques that are intended
to overcome some shortcomings in traditional detection systems [2]. Within this con-
text, remarkable optical phenomena that are revealed by light’s interaction with NCs of

spheroidal metal/dielectric NPs can create a unique optical capabilities. As a result, the

71
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optical characteristics of NPs have been well investigated throughout the past century,
and metal/dielectric NPs have found a number of applications like in the development of
next-generation ultrafast communications, signal processing systems, photonics, chemical
sensing, and microelectronic devices [204]. Surface plasmon resonance (SPR), controls the
optical characteristics of metal probing with thin dielectric nanoparticles, at interfaces en-
hanced evanescent field and heated regions emerging on the particle’s surface [97, 205], 206].
The NCs of metal/dielectric NPs consist of one and two layers i.e. the surface layer, and the
shell layer [207]. Hence, a unique structure with distinct qualities is produced by the com-
bination of various constituent materials in NCs material, leading to a distinct structure.
Consequently, NPs may include a unit nanomaterial or perhaps it consist of a combination
of many materials [208]. The dielectric function of host mediums’ can be separately consid-
ered as passive and active. The active layer of the medium are more favorable because the
field that passes through the medium are increase light absorption without affecting charge
transport to the electrodes [209]. Therefore, it is desirable to research and comprehend
the properties of their enhancing field in order to construct nanoscale optical devices for
real-world applications.

In order to deal with it, the local field enhancement factor (LFEF) was thoroughly
experimentally and theoretically researched by many scholars [23], 205, 2T0H212]. Applying
spheroidal model, the numerical simulations and calculations are carried out to determine
the local field enhancement factor. Moreover, the properties of NPs as well rely on spatial
distribution, size, and the types of embedding host matrix [179, 210, 213]. Furthermore,
the LFEF seriously depends on the shapes of the shell-covered nanoparticle, particularly
the depolarization factors, metal fraction, interfacial factor, thickness and surface dielectric

function is considered [214].
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To investigate the effects of shape, size, composition structure, and spatial distributions
of NCs on the local field enhancement factor, (LFEF) wide ranging researches have been
conducted [86, 212, 215]. However, much of this research focused on spherical or cylindrical
metal /dielectric NCs [167, 216]. Prior studies show that the LEEF at the core of cylindrical
and spherical metal /dielectric NP inclusions in the presence of applied NPs is sensitive to
changes in shape, size, and others in the dielectric host matrix were studied [167, 217].
Noble metals like silver (Ag) have been utilized to explore the enhanced response and the
nonlinear effects of NCs by applying electromagnetic field enhancement effects [109]. To the
best of our knowledge, we investigated the effects of the depolarization factor (L), thickness
(t), radius (r), metal fraction (p), interfacial factor (I), and surface dielectric permittivity
(es) medium on the local field enhancement factor (LFEF) of spheroidal metal/dielectric

NCs in active and passive dielectric host mediums using silver (Ag) metal as a shell.

4.2 Theoretical Model and Calculation of NCs in Pas-

sive and Active Host Matrix

We considered spheroidal shell nanocomposite in the passive and active host mediums
using the quasistatic approximation. The dielectric function of the embedding medium
was regarded as either passive or active to explore its results on LFEF. Depending on how
the externally applied field affects the medium, the host medium’s embedding dielectric
function, ey, is referred to as passive or active. Hence, this embedding dielectric function
can be written as ¢, = s/h + ie/,;, where the real and imaginary parts of the host media
are denoted by the variables 5’h and 5;;, respectively. The embedding dielectric function
is passive when ¢, > 0 and ¢, = 0, but an active embedding dielectric function is when

5;1 = 0 and 5;; < 0. In the present study, each component of the dielectric function was
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considered separately.
Considering the application of the Drude-Sommerfeld concept, &,,, of the metallic shell’s

electric permittivity [160, 165], is given by:

1

S FEwmt (4.2.1)

Em — €

where ., describes how confined electrons influence polarizability, z = w/w,, v = v/w,
(wp and w are the Plasmon frequency of the bulk and the incident radiation frequencies,
respectively), v is the electron damping constant.

Moreover, the real and imaginary parts of ¢, can be rewritten as
Em = €y 45, (4.2.2)

where e;n, and 5;;1 are the real and imaginary parts of the metal’s-dielectric functions.

4.3 Electric Potential Distribution in Spheroidal Shell

Nanocomposite in Host Matrix

4.3.1 Enhancement factor for pure metal nanocomposite

An electromagnetic wave that is embedded in the host matrix and has the shape of a
spheroidal impact is a metal/dielectric nanoparticles (NPs). So let’s take a look at the
spheroidal metal/dielectric NCs model illustrated in Fig. that consists of €, enclosed
at the core of the host matrix, ;. Therefore, the given electrical potential equations [176],

are given as

®,, = —E,Ar cos 0, r <r (4.3.1)
B

o, =—FE), (7“ - —2) cos 0, r >, (4.3.2)
r

where, ®,, and &, are electrical potential and host matrix respectively.
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Figure 4.1: Schematic representation of spheroidal shell-host NCs.

At the boundary between the dielectric core and the metallic shell, the potentials must

satisfy the following boundary conditions [43]:

(I)m — (I)h|r:r1> (4 3 3)
Dm = Dh|r:7"17

Using quasistatic approaches, Eqn. (4.3.1)) and (4.3.2]) we obtained as:

A= (1 - §3> (4.3.4)

1
Applying the displacement vector at the interface mediums using Eqn. (4.3.1]) and (4.3.2)),

and then, introducing depolarization L, we acquired:
B
Le, A =gy {1 +(1- L)—3] , (4.3.5)
™

Therefore, the unknown coefficients A, and B of Eqns. (4.3.1]- [4.3.2]) expression can be

summarized as follows:
Ehn

A= 4.3.6
emL +en(1—L) ( )
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_ L(em — en) 3
Lem +en(1—L)| Y

(4.3.7)

4.3.2 Local field enhancement factor of spheroidal of shell nanocom-

posites in host matrix

To find LFEF for metal/dielecdtric composite of ellipsoidal nanoparticles by using the

complex host matrix and Eqn. (4.2.2)) into Eqn. (4.3.6) and squaring it we get:

/2 //2
| A |2 _ : , €h2+ €h _ _ -, (4.3.8)
[Le,, +e,(1 — L))" + [Ley, +€,(1 — L)]
where
1 " ’7
€ =E€oo— 5=, Em = —7—5—57-
m 22 + 72 z(22 +v?)

Equation (4.3.8)) is called local field enhancement factor of spheroidal metal/dielectric NPs

in passive and active host matrix.

4.4 The Electric Potential Distribution of Spheroidal
Shell NCs with Interfacial Layers

4.4.1 Enhancement factor of pure metal NCs with interfacial

layer

Once more, in this section we take into account a spheroidal metal/dielectric NPs system,
as illustrated in Fig. [4.2] which includes a metal as a shell, €,,, the embedding permittivity
of a dielectric as a host matrix, €5, and finally, the interface layer between the two media,
€s. The distribution of the electric potential in the system is described by the following
expressions

b, = —EpArcosf, r <ry, (4.4.1)
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Figure 4.2: Schematic representation of spheroidal core-interfacial-host NCs.

C

b, =—F), (Br — —2) cosf, r <r<r +t, (4.4.2)
r
D

q)h = _Eh (T’ — —2) COS@, T Z ™+ t7 (443)
r

where ®,,, &, and ¥, is metal dielectric, dielectric interfacial layer, and host medium

electric potential function respectively.

By using the condition given in Eqn. (4.3.3)), and from Eqns. (4.4.1)) and (4.4.2) we get

C
A=B- =, (4.4.4)

i

And also considering Eqn. (4.3.3]) for the displacement vector at boundary using Eqn.

(4.4.1) and (4.4.2), and introducing depolarization factor, we obtain

LenA=e, {LB +(1— L)T—Cg} . (4.4.5)
1

Again, equating ®, and &, given in Eqn. (4.4.3)), and (4.4.4) simplifying we find:

C D
CET R e 40
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Using the definition of displacement vector at boundary condition given in Eqn. (4.3.3)),

and applying depolarization factor, we get:

_¢
(7”1 —|—t)3

D

] = ¢ [L +(1-1L) (4.4.7)

Hence, by rearranging and simplifying the expressions for the unknown coefficients A, B,
C, and D of Eqns. (4.4.1)) - (4.4.3)) we get:

EnEs

A= 4.4.
Lb+a5h(1—L)’ ( 8)
en(Ley +e5) +es(1 — L)
B = 4.4.9
Lb+ aah(l — L) ’ ( )
Lep(em —es) 5
— 4.4.10
Lb—l—aeh(l—L)r1 ( )
b—ag,L 3
= t 4.4.11
Lb+a5h(1—L)(rl+ I ( )
where
a= Ley,(1 —p)+es(l — L+ Lp),
and

b=¢en(p+ Lp) + Lepes +pes(1 — L) +2(1 — L).

4.4.2 Local field enhancement factor of spheroidal in nanocom-

posite with interfacial layer

Since we are using the quasistatic approach, the electric field FEj, (assumed to be directed
along the z-axis) is uniform. Then, by using the relation £ = —V® the local field in the
metal dielectric and interfacial layer at €, of the spheroidal nanocomposite can be written

as

E, = AE,. (4.4.12)
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where A is the complex function given by Eqn. (4.4.12)).
Now, the enhancement factor for a metal /dielectric composite of spheroidal obtained at

the interface mediums of the interfacial layer can be obtained by substituting the values of
a and b given under Eqns. (4.4.8)-(4.4.11]), we acquired

EnE
A= u ,
Ema1 + EmERas + asep + ay

(4.4.13)

where
a1 = L(p + Ley), ag = L[1 — L — p(1 — L)], a3 = &,[1 — 2L + Lp(1 — L) + L?], and
ay = s L[Lp+e,(1 — L)].
where ¢, = I/3t, and p = 1 — (ry/r2)3.
By substituting the complex embedding mediums and Eqn. into Eqn. (4.4.13),
and then, squaring and simplifying it, we find the LFEF of dielectric host mediums.
Finally, squaring Eqn. we get the LFEF equation as:

(e +e,%)e?

S

|A|2 = ’ ” ’ " ’ ” :

(a1€), + ase,e) — asemey + asey, + a4)2 + (ai€), + asele) + aseie), + agah)2
(4.4.14)

Equation (4.4.14)) is called LFEF of spheroidal in metal/dielectric NPs - interfacial layer in

the passive and active host medium.

4.5 Results and Discussions

We discussed how changing the parameters L, p, I, t, €, and e}, affect the LFEF of NCs
with spheroidal shells and interfacial layers in host medium dielectrics. The model taken
into consideration in the study is made up of a silver (Ag) shell, a dielectric embedded in
metal, and an embedding host matrix that is (a) a passive medium, when ¢, = 2.25 and

g, = 0; (b) active medium, when &, = 0 it is passive and active when ¢, = —0.13886.
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In this section, we investigated the effects of host and interfacial layer on LFEF of

spheroidal shell-interfacial layer NCs by varying the values L, I, r, t, p, and &,.
4.5.1 The effects of depolarization factor on LFEF

In this subsection, we discussed the effects of host medium dielectric function on the LFEF
of spheroidal NCs when the depolarization factor is varied, while the rest of the parameters,
such as interfacial factor, thickness, and radius, remained fixed in passive and active host
mediums. The plots of |A|*> versus z when the values of L is varied between 0.34 and
0.42, while other parameters are left unchanged, is illustrated in Figs. [£.3(a) and (b). The
blue-shifted LFEF was observed as the value of the depolarization factor, L, is gradually
increased from 0.34 to 0.42, as shown in [4.3|a), and plotted by using Eqn. (4.3.8).
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Figure 4.3: The effect of the depolarization factor on LFEF of spheroidal shell NCs: a)
in passive dielectric shell and b) in active dielectric shell with €Ih = 2.25, 5;; = —0.13866,
€oo = 4.5, 7 = 0.0115, w = 1.45 x 106 rad/s, and different values of L.

Also, as shown in Fig. [4.3(b), the LFEF peaks rise with a similar upward trend as
the medium becomes active. In active embedded mediums, the LFEF steadily rises for

each value of L one over the other, whereas, the LFEF obtained in the passive dielectric
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medium is blue-shifted and it is slowly increased with an increase in L values, as shown in
Fig. |4.3(a). However, in the active embedding mediums, £, < 0, with a gradually increased
L, the LFEF peaks are observed to increase, with no shift in position. We investigated the
impacts of the depolarization factor on LFEF's as they are changed, and as can be observed
in Fig. |4.4{a), their output peaks show no significant shifts in the passive host medium.
The best position, however, is indicated by the LFEF with L, = 0.42, which is at z = 0.36.
As a result, when an applied field impinged on the metal/dielectric nanocomposite medium,
the LFEF grew progressively one after another in the specified frequency with a single peak.
Additionally, we obtained symmetrical pattern peaks when the embedding host medium is
decreased, for example, in passive &, = 1.3 and €, = 0, while ¢, = 0 and ¢, = —0.13886 for

active host mediums. However, when L increased, the peaks gradually decreased, as shown

in Fig. [4.4(a), compared with that in Fig. [1.3(a) by using Eqn. (4.3.8).
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Figure 4.4: Effects of depolarization factor on LFEF of spheroidal shell (Ag) NCs (a) in
passive dielectric and (b) in active dielectric host mediums with parameters: ¢, = 1.3,
Eoo = 4.5, w = 1.45 x 10% rad/s, v = 1.67 x 10" rad/s, v = 1.15 x 1072, and different
depolarization factor.

Finally, we draw the conclusion that the LFEF of spheroidal metal-dielectric NPs can
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be influenced by the passive and active host matrix permittivity. As the dielectric function
of the host medium is decreased from ¢, = 2.25 to ¢, = 1.3, the peaks of the LFEF is
decreased significantly for a system with passive host, whereas it remains constant for a

system with active host, as seen in Figs. [£.3|(a) and [4.4(a).

4.5.2 The effects of depolarization factor on LFEF with interfa-

cial layer

In this section, we investigated the LFEF of a composite of spheroidal nanoparticles made
of metal/dielectric with an interfacial layer embedded in the passive and active host matrix.
By changing the depolarization factor while keeping constant the other variables, the LFEF
under investigation is simulated in this case by using Eqn. (4.4.14]).

According to the model (Fig. [4.2), the interfacial medium is the space between the
metal-dielectric and the spheroidal host matrix medium NCs. As a result, Figs. [4.5(a)
and (b) illustrate the impact of depolarization factor on the effects of LFEF. The LFEF
in the passive host medium is blue-shifted as the L is raised. Although the LFEFs active
embedding medium is shown in Fig. [4.5(b).

We also analyze the impact of the interfacial layer, I, via the limit where the interfacial
factor, or t — 0, is laid on the surface of two medium interfaces. Due to the medium’s
tendency to have zero thickness, this parameter may also have an impact on the LFEF of
a spheroidal shell. According to Eqn. , the only meaningful quantity is te,. Here,

the I is given to explain passing of fields using the following equation:

[= lim te, (4.5.1)

t—0, es—00

From this Eqn. (4.5.1)), when t approaches 0, the I = 0, and in the normal condition of the

electric displacement at the interface there is no jump between metallic and host dielectric
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Figure 4.5: The Effect of depolarization factor on LFEF of spheroidal shell (Ag) NCs a) in
passive dielectric and b) in active dielectric host mediums with interfacial layer parameters:
wp = 1.45 x 10" rad/s, eo, = 4.5, v = 0.0115, I = 1.8, r; = 1.25, t = 0.75, and different
depolarization factor.

functions; whereas, for imperfect interface denoted by I # 0, the electric displacement
passes across the interface mediums. Hence, managing the space of mediums between
metallic and host dielectric function, I accordingly helps to obtain the LFEF of spheroidal
NPs.

We studied the effects of L at the interfaces between metal-like, passive and active
host matrices, by keeping parameters constant: where (I is 1.8, ¢ is 0.75, 7y is 1.25, the
LFEF peaks are reduced. Hence, in constant thickness, interfacial factor, and radius of the
interfaces as the depolarization factor increased, the LFEF peaks decreases slowly as shown
in Fig. 4.5(a). However, the active host medium of the interfaces can have less LFEF as
seen from its output results. Also the peaks of the active host medium decreased as the

parameters like I, ¢, r, and L are increased.
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4.5.3 Effects of interfacial factor on the LFEF

Next, we looked at how interfacial layer, I, affected the LFEF while the other parameters
remained constant. Using the parameters I = 2.25, [ = 2.5, and [, = 2.75, the LFEF
increased in the provided interfacial layer, as it is observed in (Figs. 4.6(a) and (b)) by
using derived Eqn. . According to these findings, the interfacial layer was one
of the elements that contributed to the LFEF rising as the interfacial magnitude at the
interface rose. As it is seen in Figs. [4.6[(a) and (b), it is considerably higher in passive host
mediums compared to active host mediums. This demonstrated how crucial it is to have
a close-fitting interfacial layer between the mediums, such as the active host matrix in a

metal /dielectric nanocomposite, in order to achieve high LFEF at a specific frequency.
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Figure 4.6: The effects of interfacial on LFEF of spheroidal shell NCs in passive and active
host medium: w = 1.45 x 10'% rad/s, v = 0.0115, 65, = 4.5, L = 042, t = 0.75, r; = 1.25
and different interfacial factor.

Generally, for the fixed values of L, t, and r,, we are able to get a higher output of
LFEF in passive medium, while less output value in active embedding media as shown in

Figs. [4.6[a) and (b), respectively. Also, the parameters present in €, of NCs in passive and
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active host media can also affect the LFEF. Therefore, as I is increased, the peaks of the

LFEF also increases and red-shifted. This is in agreement with that reported by Wu [218].

4.5.4 Effects of thickness on LFEF of NCs

Here, we are able to create a slowly growing LFEF by adjusting the thickness of spheroidal
metal/dielectric NCs, t, by fixing the following parameters constant: L = 0.36, [ = 1.8,
and r; = 1.25, as shown in Figs. (a) and (b). When the depolarization factor, thickness,
interfacial layer, and radius were used, the effects of thickness on the LFEF were clearly
investigated as shown Fig. [4.7] However, when the mediums thickness were raised in both

passive and active dielectric host mediums, the LFEF peaks are found to increase.
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Figure 4.7: The effect of thickness on LFEF of spheroidal shell NCs in a) passive and b)
active host medium: w = 1.45 x 10'® rad/s, v = 0.0115, L = 0.42, [ = 1.8, r; = 1.25, and
different thickness.

Further, as the thickness increase, the LFEF of the NCs spheroidal shell in passive and
active dielectric host mediums gradually moves to the left, as seen in Fig. [£.7] In the

LFEF in passive host media, there are noticeable small LFEF peaks in thin thickness at

the interface mediums. However, as the thickness is varied, the LFEF in the active host
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medium likewise shows a red-shift and increased symmetrically as thickness increased as
shown in Fig. |4.7(b). As a result, in passive embedding host mediums, the enhancement
factor with high thickness has a high peak, while in perturbed host mediums, it slowly
decreases.

Likewise, in both passive and active embedding mediums the LFEFs can be affected by
varying the thickness of the spheroidal metal/dielectric composite with the interfacial layer
and red-shifted in both passive and active host matrix. As shown in both Figs. [4.7(a) and
(b), changing the numerical values of the thickness in the medium may result in distinct

LFEF outcomes.

4.5.5 Effect of radius on the LFEF of NCs

In this section, we investigated the effects of radius, r;, on the LFEF of spheroidal metal/dielectric
NPs, by fixing all the other parameters. As shown in both Figs. [£.8(a) and (b), the effect
of radius on spheroidal NCs in passive and active host mediums greatly influenced the
LFEF. However, the peaks of the LFEF are almost constant but blue-shifted as the radius
increases in NCs with passive embedding materials as shown in Fig. [4.8(a). In contrast,
the effects of radius on the LFEF is varied as the radius is increased in NCs with active
medium; its peaks increases sequentially and slightly red-shifted, as shown in Fig. 8(b).
Therefore, as shown in Figs. [1.§(a) and (b), the radius in spheroidal metal/dielectric NPs
has an impact on the LFEF of spheroidal NCs. As illustrated in Fig. H(a), increasing the
radius can raise the LFEF, which is a peak that occurs at the metal /dielectric interface.
In general, when the incident field is applied to spheroidal metal-dielectric NPs in
passive and active host matrix mediums, the field moves slowly in a thick medium and

swiftly in a thin one. This can show us that the output result of the enhancement factor
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Figure 4.8: The effect of radius on LFEF of spheroidal shell NCs in a) passive and b) active
host medium:w = 1.45 x 10'% rad/s, v = 0.0115, e, = 4.5, L =042, I = 1.75, t = 0.75,
and different radii.

reduces, and applied fields can pass through the composite medium more easily in less dense
mediums. Therefore, in order to achieve the LFEF results, we must control the parameters

in the spheroidal metal/dielectric NCs with passive and active host mediums such as the

parameters L, I, t, and, r; employed in the spheroidal shell.

4.5.6 The effects of metal fraction on LFEF with interfacial layer

Next, keeping the remaining parameters constant, we examined how the metal proportion
affected the LFEF of spheroidal metal/dielectric NPs using Eqn. (4.4.14). We calculated
the LFEF of spheroidal metal-dielectric NPs embedded in passive and active host matrix
using different values of p = 0.85,0.92,0.99, while L = 0.36, I = 2.75, t = 0.75, and
r1 = 1.25 can affect it. This illustrates that due to the incident electromagnetic, the output
intensities of the peaks of the LFEF slightly decreases as the metal fraction increases in
the passive embedding medium accompanied with a red-shift, as shown in Fig. 4.9(a). In

the NCs with active medium, the LFEF peaks increases and is blue-shifted as the metal
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fraction increases, as shown in Fig. [1.9(b).
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Figure 4.9: Effects of metal fraction on LFEF of spheroidal shell (Ag) NCs a) in passive
dielectric and b) in active dielectric host mediums with parameters: w = 1.45 x 10'% rad/s,
v =0.0115, e = 4.5, L =0.36, I = 2.75,t = 0.75, and r; = 1.25, and different values of
metal fraction.

Furthermore, as shown in Fig. [4.9(b), the peak values of the LFEF in the NCs increase
with an increase in the metal content when the dielectric host medium becomes active and
is perturbed by an incident field. The peak values, however, have a tendency to decline as
the metal proportion rises in NCs with passive dielectric (Fig. [4.9(a)). Thus, we can see
that the metal content in an active dielectric host medium has a significant impact on the
LFEF of spheroidal shell NPs and causes a rise in its value.

Additionally, the peaks of the LFEF in NCs with active host medium is almost dou-
ble compared to that in NCs with passive host matrix, as shown in Figs. 4.9(a) and (b).
In both the passive and active dielectric host matrices, just one peak is visible. In gen-
eral, the computational results demonstrate that the effects of metal fraction on the local
field enhancement factor of spheroidal metal/dielectric NC inclusions can be significantly

influenced, as shown in Fig. and both of them displayed a single peak.
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4.6 Conclusions

We studied the effect of passive and active permittivity of host matrix on the LFEF of
spheroidal metal/dielectric NCs by varying L, p, I, t, and r. The findings demonstrate
that in both passive and active host matrices, a single set of peaks is observed in the LFEF
of the spheroidal metal /dielectric NCs with passive and active host matrices, regardless of
how much L, p, I, and t vary or are kept constant. Furthermore, as the depolarization factor
increases, the peaks seen in spheroidal metal/dielectric with passive and active host matrix
gradually become less prominent. This demonstrates that when greater output values and
a single LFEF peak is required, the spheroidal metal/dielectric NCs with passive host
dielectric function is preferred to the active one. Additionally, we discovered that in the
passive host matrix, the LFEF peaks are reduced and blue-shifted as L grows, while they
decreased in the active host dielectric matrix. The peaks of LFEF are raised, and the
blue shift is observed in both the passive and active host matrix as L. grows. Moreover,
the initial set of LFEF’s peaks has red-shifted intensities as t in the passive host matrix
increases. But as I grew above ¢, high intensities were observed, suggesting that altering
the interface mediums of the geometry of spheroidal metal/dielectric NCs has a greater
impact on raising the LFEF than altering the thickness of the medium at the interface.
Additionally, while the host matrix is passive, a rise in r; causes the LFEF’s inten-
sity to slightly increase, whereas the LFEF’s intensity increases when the core is active.
Furthermore, the examined LFEF peaks are both blue-shifted in the spheroidal NCs with
passive host matrix, when r; increases while holding L, I, t, and p constant; in contrast,
they are prominent in the active host matrix. Also, we discovered that by adjusting the
metal fraction that is blue-shifted in the active host matrix and red-shifted in the passive

host matrix, the LFEF of the spheroidal metal/dielectric NCs may be modified. Moreover,
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the intensity of this peak varies significantly when its host matrix is active rather than pas-
sive. Hence, by changing these parameters and types of dielectric cores, adjustable LFEF
of spheroidal metal/dielectric NCs could be obtained and used for applications in optical

detection and imaging, nonlinear optics, and optical sensing.



Chapter 5

Summary

In this dissertation, we studied the effects of depolarization factor (L), metal fraction
(p), permittivity of the host matrix (g5,), and interfacial layer on the local field enhance-
ment factor (LFEF), induced optical bistability (IOB), and bistability domain (BD) of
spheroidal core-shell nanocomposites (NCs) that consists of a passive or active dielectric
cores. The analysis is carried out by employing the Drude-Lorentz dielectric function model
and Laplace’s equation under quasistatic approximation. The overall analysis consists of

three parts. Accordingly, the main results of the investigations are summarized below:

I. For local field enhancement factor (LFEF)

In the first part of the study, we investigated the effects of L, p, and ¢, on the local
field enhancement factor (LFEF) of the spheroidal core-shell NCs with passive or active

dielectric cores.

e [t is shown that the graph of the LFEF versus wavelength possesses two sets of peaks
for NCs with passive dielectric cores, while only one set of peaks is observed in NCs

with active dielectric cores, regardless the specific values of L, p, or g,.
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e For NCs with passive cores, when the parameters, i.e., L, p or g, are varied, it is
found that the first set of peaks have higher intensities the second set of peas. In
addition, with passive dielectric core as L or p increases, the intensity of the first
set of LFEF’s peaks increases accompanied with a blue shift. On the other hand,
the intensity of the second set of peaks also increases in a similar manner, but they
exhibit a red shift. However, higher intensities were seen when L increases instead of
p, suggesting that altering the geometry of spheroidal CSNCs has a greater impact

on the LFEF of the NCs than varying the metal fraction, p.

e Similarly, the intensity of the LFEF increases with an increase in €, when the dielectric
core is active and decreases when it is passive. Furthermore, in the spheroidal NCs
with both kinds of dielectric cores, the peaks of the LFEF are red-shifted when g, is
increased while keeping L and p to be constant. The peak intensities of the LFEF
for spheroidal CSNCs with an active dielectric core are increased by increasing L and

£n, but the peak positions are reversed.
I1. Induced optical bistabity (I0B) and bistability domain (BD)

In the second part of the investigation, we considered how induced optical bistability (IOB)
and bistability domain (BD) of spheroidal core-shell nanocomposites (NCs) are affected by
L, p, and ¢,. The NCs are composed of passive and active dielectric cores coated with a

metallic shell and embedded in host matrices. The main results are:

e The IOB of the NCs is attained at a lower applied field in the passive dielectric core
than the active one, regardless of how L, p, or ¢, vary. In both passive and active
dielectric cores, the switching-up and switching-down threshold points of IOB for the

depolarization factor, L, are obtained essentially at similar values of the applied fields,
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and for the given values of L, the stable states of IOB display the same patterns. In
addition, the IOB regions are narrow in the NCs with passive cores, while it is broad
for those with active dielectric core. In a similar way, keeping L and &, constant while
changing p results in “S-like” bistability regions in both passive and active dielectric
cores. However, when p increases, so does the incident field required at each switching-
up threshold point, in both passive and active dielectric cores. The other parameter
which affects the IOB is ¢, Increasing ¢, also increases the switching-up threshold
of IOB in both types of cores. For a larger value of ¢, the switching-up threshold of

the IOB of spheroidal CSNCs can be obtained at a smaller value of the incident field.

e In addition, we looked at the positive and negative roots from the IOB equations
and observed that the bistability domain (BD) lies on the z — Y plane. The BD is
limited within the inset regions of the extremum points f; and fs, resulting in a series
of maxima and minima in the z — Y plane. As a result, when the maxima of the
positive and minima of the negative root points of the curves f; and f; merge, the
bistability domain vanishes. In general, we observed that by varying the depolariza-
tion factor, metal fraction, and host medium, it is possible to control the values of

BD in spheroidal core-shell NCs in each region.

III. The effects interfacial layer on LFEF

In the third part of the work, we considered a system that consists of spheroidal shell
nanocomposite embedded in a host matrix and analyzed it using the quasistatic approxi-
mation. The dielectric function of the embedding medium was regarded as either passive

or active to explore its effects on the LFEF.

e The findings demonstrate that in both passive and active host matrices, a single set



94

of peaks is observed in the spectra of the LFEF of the spheroidal metal/dielectric
NCs regardless of how we vary L, p, I, or t. Furthermore, as the depolarization
factor rises, the peaks seen in spheroidal metal/dielectric with passive and active
host matrix gradually become less prominent. The peaks with passive dielectric core
are very larger compared with that using active core, demonstrating that NCs with

passive host is preferred to the active one for potential applications.

It is also observed that in NCs with passive host matrix, the LFEF peaks are reduced
and blue-shifted as L increases, while there is no shift in the peak positions for NCs
with active host matrix. However, when the interfacial layer is taken into account
and L increases, the peaks of the LFEF are found to increase and red shifted in both

NCs with passive and active host matrix.

Moreover, the initial set of LFEF's peaks have red-shifted intensities as ¢ in the passive
host matrix increases. But, as [ is increased above t, relatively high intensities were
observed, suggesting that altering the geometry of spheroidal metal/dielectric NCs
has a greater impact on raising the LFEF than altering the thickness of the medium

at the interface.

In addition, when the host matrix is passive, an increase in r causes the LFEFs
the intensity to increase only slightly, whereas the LFEFs intensity increases signifi-
cantly when the core is active. Furthermore, we observed that the LFEF peaks are
red-shifted in both spheroidal NCs with passive and active host matrices when r is
increased while keeping the other parameters constant. Also, increasing the metal
fraction, p, results to blue-shift in the active host matrix and red-shift in NCs with

passive host matrix.
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Abstract

We studied the effects of depolarization factor ( L), metal fraction (p), and dielectric function of host
matrix (£, ) on thelocal field enhancement factor (LFEF) of spheroidal core—shell nanocomposites
(NCs) with passive and active dielectric cores. Solving Laplace’s equations in the quasi-static limit, we
obtained cxpressions of clectric potentials for spheroidal core—shell NCs. Then, by introducing L and
the Drude-Sommerfeld model into these expressions, we derived the equation of LFEF in the core of
spheroidal core—shell NCs. The results show that whether L, p, and/ or =, vary or kept constant, LFEF
of the spheroidal core—shell NCs possesses two sets of peaks with passive dielectric core, whereas onlya
setof peak is observed with active dielectric core. In NCs with passive dielectric core, an increase in any
of these parameters resulted in a more pronounced LFEF peaks in the first set of resonances. With
both passive and active dielectric cores, increasing L increases the peaks of LFEF of spheroidal core—
shell NCs, whereas increasing p shows decreasing tendency on the peaks of LFEF of the same material
with active dielectric core. Moreover, the highest peak ot LFEF 1s obtained by increasing L than p or =,
indicating that change in the geometry of spheroidal core—shell NCs has the highest effect on the LFEF
than the metal concentration and host dielectric function. With the same increase in £, intensities of
LFEF of the spheroidal core—shell NCs decrease when the dielectric core is passive and increase when
the dielectric core is active. Briefly, the number and intensities of peaks of LFEF of spheroidal core—
shell NCs vary greatly when its core is made either passive or active dielectric. Furthermore, by
changing parameterslike L, p, and =, adjustable LFEF could be obtained and used for applications in
optical sensing, nonlinear optics, and quantum optics.
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ABSTRACT

We investigated how induced optical bistability (IOB) and bistability domain (BD) of spheroidal core—shell nanocomposites {NCs) are affected
by the depolarization factor (L), metal fraction (p), and host matrix (& ). The NCs are composed of passive and active dielectric cores coated
with a metallic shell and embedded in various host matrices. By employing Laplace’s equation and the Drude-Lorentz model, we calcu-
lated the electric field enhancement in various regions of the NCs and studied their IOB theoretically and numerically. The BD of the same
NCs is investigated using the root analysis approach. The study reveals that when the value of L decreases, the bistable region of OB increases.
However, when p increases at constant L and &, the bistable region gets wider. When the value of &, increases, the IOB region is achieved at
larger values of incident field. Moreover, the IOB produced was narrower in the passive dielectric core than in the active one, showing that the
type of core material also influences the IOB of the core-shell NCs. When the value of L changes, the region of BD also changes in both types
of cores. Similarly, changing the value of p in both types of cores causes the BD to vanish or emerge. Moreover, varying ;. BD is produced in
the OB regions. Overall, the IOB and BD in each core are sensitive to changes in L, p, and &,. Varying these parameters leads to the possibility
of tuning the bistable regions, which can be used in optical circuits, logic operations, and optical memory.

& 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). hitps://doi.org/10.1063/5.0180907
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Abstract

We mvestigated the effects of depolarization factor (L) and metal fraction (p) on the local field enhancement
factor (LFEF) of spheroidal metal/dielectric nanocomposites (NCs) with passive and active host matrx. The
expressions of electric potentials obtamed by solving Laplace’s equations m the quasi-static limit for
spheroidal metal/dielectric NCs. The equation of LFEF m the host of spheroidal metal/dielectric NCs was
then constructed by incorporating L and the Drude-Sommerfeld model into these formulas. The results show
that, regardless of how each parameter changes or remains constant, the LFEF of the NCs has a single set of
peaks in both the passive and active host matrix. The parameter L affects the LFEFs curves and the output
peaks m both host media exhibit shifted symmetrical patterns. On the other hand, the media with interfacial
layer (I) were significantly impacted when a field was applied to the metal/dielectric NCs mednum, and the
LFEF mcreased successively m the given frequency range with a smngle peak. Furthermore, m passive and
active dielectric host media, the LFEF of the spheroidal shell of the NCs mcreased progressively with
thickness. The LFEF peaks are significantly impacted by radius that was studied in both passive and active
host media. We investigated that when p mcreases, the peak values of the LFEF in the shell structure rise.
Additionally, by altering each parameter, it was possible to create an adjustable LFEF that could be utilized

for optical detection, nonlnear optics, and optical sensing applications.
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