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Abstract

We theoretically and numerically investigated the local field enhancement factor (LFEF), absorption coefficient, refractive
index, and group velocity of spherical core-shell nanocomposites (NCs) using the quasi-static approach. By solving Laplace’s
equations, we derived expressions for the enhancement factor, polarizability, absorption coefficient, refractive index, and
group velocity for each core-shell NCs. Our findings show that the LFEF, absorption coefficient, and group velocity of spheri-
cal core-shell NCs exhibit two peaks, while the real part of the refractive index shows four distinct peaks. Additionally, the
core-shell nanocomposites demonstrate greater tunability and a higher intensity of the enhancement factor when the host ma-
trix is changed from CdSe to SiOs. The study further reveals that, for spherical nanocomposites, the first two peaks of the en-
hancement factor and extinction cross-sections occur at the same frequencies. Moreover, all extinction cross-section peaks are
lowest when the dielectric function of the host matrix is SiOz, whereas the peaks are highest for CdSe. The variation in peak
values, despite having the same number of peaks for different shapes, indicates that the shape of the core-shell NCs significant-
ly influences the intensity, number, and positions of the peaks in the enhancement factor and optical cross-sections. Such nano-
composites hold potential for applications in optical sensing, biosensing, as well as in photonic and electronic devices.
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1. Introduction

Over the past three decades, the optical properties of na-
noparticles have been extensively studied using various ap-
proaches. Among them, core-shell NCs have shown vast

applications in numerous fields of science and technology [1].

It has been observed that the optical properties of dielectric
core-metallic shell NCs are strongly influenced by factors
such as size, metal fraction, spatial distribution of the core-

shell structure, and the surrounding medium [2-5]. Addition-
al research has further demonstrated that although size and
the embedding medium are important parameters, the surface
plasmon resonances of core-shell nanoparticles are much
more sensitive to particle shape [6]. Therefore, altering the
shape of core-shell NCs is an effective method to tune sur-
face plasmon resonances and, consequently, their optical
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properties. Due to their geometric shape, which allows tuna-
bility of optical properties, spheroidal core-shell NCs have
garnered significant interest [7]. Since this geometry sup-
ports plasmon resonances, spheroidal core-shell NCs consist-
ing of a dielectric core coated with a metallic shell are
among the most useful structures for achieving a wide tuna-
bility range from the visible to the infrared regions of the
electromagnetic spectrum [8, 9].

Among various combinations of core-shell nanostructures,
metal@metal core-shell nanocomposites exhibit novel prop-
erties that are valuable for numerous applications. These
unique characteristics Preprint submitted to primarily stem
from the interaction between metallic (plasmonic) materials
and the incident electro-magnetic field, significantly en-
hanced by the surface plasmon resonance (SPR) phenome-
non and the interaction of metal shell plasmons with the met-
al interior material [10]. At the SPR frequencies, the collec-
tive oscillations of conducting electrons in the metallic nano-
particle are driven by incident resonant light, which acts as
electric radiating dipoles. A two-layer bimetallic core-shell
nanostructure has been investigated for desired applications
both experimentally [11-14] and theoretically [15, 16]. sThe
position of the surface plasmon band in core-shell nanostruc-
tures can be tuned based on size, shape, and surface mor-
phology [17, 18]. Among these substrates, SiO,@Au NCs
have been completely studied in various research in chemis-
try and biomedicine fields over the past year due to their
unique Physicochemical and plasmonic characteristics [19,
20].

At the nanoinclusion, nanoparticles (NPs) of both ZnO and
Ag exhibit distinctive catalytic and optical properties, making
them well-suited for medical applications. The uncoated Ag
and ZnO nanoparticles have demonstrated significant antibac-
terial properties, leading to their widespread use in fields such
as in cosmetic industry and the biomedicine [21]. In compari-
son to other metallic NPs, Ag NPs exhibit Ag NPs demon-
strate reduced toxicity, outstanding biocompatibility, and an-
timicrobial characteristics [22-24]. SiO, coated quantum dots
are instrumental in biomedical applications, particularly for
sensing, probing, and labeling cells and tissues due to their
long-term chemical and optical stability. Furthermore, their
photonic conversion capabilities make them ideal candidates
for optoelectronic devices [25]. SisN,4 thin films play a crucial
role in modern electronic device production as diffusion masks
and passivation layers. Additionally, the combination of SiO,
and SisN, films has enabled the realization of a new generation
of electronic devices with memory properties [26].

Moreover, since zinc telluride (ZnTe) can be easily doped,
it finds applications in blue light emitting diodes, laser di-
odes, and solar cells, making it essential for optoelectronic
device design. In CdTe/ZnTe solar cells, the ZnTe semicon-
ductor enhances efficiency by reducing the high electron
affinity of CdTe [27]. ZnTe is also utilized in nonlinear op-
tics for producing terahertz radiation and as an electro-
optical detector. Some applications of the CdTe semiconduc-
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tor binary compound include electro-optical modulators in
infrared optical materials [28, 29]. Numerous experimental,
computational, and theoretical studies have explored the ef-
fect of shape on the optical properties of core-shell NCs,
such as SiO,@Au [30], Ag@SiO, [31], CdSe@Ag [32], and
ZnO@Au [33].

This paper presents computational results obtained from
the study of the absorption coefficient, refractive index, and
group velocity in metal-coated dielectric NCs with spherical
nanoinclusions embedded in an active dielectric host matrix.
We demonstrate that NCs with spherical nanoinclusions fea-
turing dielectric cores embedded in various host matrices
strongly absorb light at two resonant frequencies, unlike NCs
with dielectric-coated metal spherical nanoinclusions, which
have only one resonant frequency. The research indicates
that the dielectric function (DF) of various host matrices
substantially amplifies the intensity, absorption coefficient,
refractive index, gains, and group velocity. This amplifica-
tion facilitates the transmission of strongly attenuated narrow
pulses of slow, backward, and fast light within the NCs me-
dia. The author asserts that this investigation is the first to
examine the absorption coefficient, refractive index, and the
occurrence of slow and fast light in NCs featuring spherical
nanoinclusions, particularly those with metal-coated dielec-
tric cores. These findings are considered original contribu-
tions to the field.

2. Theoretical Bases and Mathematical
Computations

Our work focused on a type of nanocomposite material
called spherical metal coated dielectric NCs. These NCs con-
sist of a core made of a dielectric material with a radius of r,
and a dielectric function represented by e;. The shell sur-
rounding the core has a radius of r, and its dielectric function
varies depending on the electric field applied to it, which we
denote as ¢,,. The entire nanocomposite is embedded within
a host matrix made of a dielectric material with a dielectric
function of ¢,,. The nanocomposite is then exposed to inci-
dent electromagnetic radiation [8, 11]. In order to investigate
the impact on the absorption coefficient, refractive index and
group velocity, we explored four different dielectric function
of the host matrices. Those are CdSe, ZnO, SisN, and SiO;
host matrices. In this study, we separately examined both
components of the DFs to analyze their individual effects.

2.1. Electric Potential Distribution in Spherical
Metal NCs

By applying boundary conditions and solving Laplace’s
equation for spherical metal-coated dielectric NCs, the elec-
tric potential distributions within the core-shell structure and
surrounding host matrix are determined. The core-shell
nanocomposite consists of a dielectric core with radius r; and
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dielectric function &4, and a metallic shell characterized by
radius r, and dielectric function &,, (where r; <r,). The host
material is described by its dielectric function, &;,. The elec-
tric potential distributions are expressed by three distinct
functions: ¢, for the dielectric core, ¢, for the metallic
shell, and ¢, for the host matrix. These functions are de-
rived based on the equation referenced in [12, 13].

@, =—EyArcos8,r<ny

D, = —E, (Br —T%) c0sO,r ST <1,
P, = —Eh(r—r%)cosﬁ,r >

In this scenario, E;, denotes the applied electric field, while
r and 0 refer to the spherical coordinates of the observation
point. The z-axis is aligned with the direction of the vector
E;. The coefficients A, B, C, and D are unknowns that must
be determined by applying the continuity conditions for the
electric potential and displacement vector at the boundaries
between the core-shell and shell-host matrix interfaces. At
the boundary between the dielectric core and the metallic
shell of a metal-dielectric nanocomposite, the electric poten-
tial remains continuous. This is because there cannot be a
discontinuous change in the potential across the interface;
thus, the potential in both the dielectric (core) and metallic
(shell) regions must be equal at the interface. This condition
can be expressed as:

¢a =P =n 1)
¢m = ¢)le =T (2)
The continuity of the displacement vector (which is related

to the electric field) must also be maintained at the interface.
This condition can be expressed as:

0¢aq _ 0dpm . _

Ea— T Em T =1 3
0pm _ a¢h —

Em— = Eny T =1 4

The dielectric constants of the dielectric core, metal shell,
and dielectric host are represented by &4, &,, and ¢, re-
spectively. By solving equations 1, 2, 3 and 4 an simultane-
ously, the values of the unknown coefficients can be deter-
mined as listed below.

9enEm

A = Zhim
P ®)
B = 3ep(eqg+2em) (6)

2pn
_ 3en(ea—em) 3

C=—7"—"" 7
2pm L& (7

D = (I—M)rf ®)
2pn

Where,

3
p=1-— C—l) is the metal volume fraction in the inclusion,
2

n= sz + [lem + €atn ©)
1-G- e w

The Drude-Sommerfeld model is a theoretical framework
that describes the behavior of electrons in metals, offering a
simplified yet effective method for understanding their elec-
trical and optical properties. This model yields a straightfor-
ward expression for the metal’s dielectric function (&),
which indicates how the material responds to an external
electric field and influences its optical characteristics. Ac-
cording to the Drude-Sommerfeld model, the DF of the met-
al (g,,) is expressed as follows [8, 9]:

1

Em = o0 = z(z+iy) 11

In this context, ., denotes the effect of bound electrons
on polarizability. The variable z represents the ratio of the
incident radiation frequency (w) to the frequency of the bulk
plasmon (w,), while y indicates the ratio of the electron
damping constant (v) to the plasma frequency (w,). Addi-
tionally, the real and imaginary components of &,, can be
expressed as

Em = &m +igm (12)

Let's denote the parts, both real and imaginary of the equa-
tions above as follows:

! ! 1
z(z+y)

1
z(z2%+yz)

Em = € +

2.2. Dispersion Properties of Metal-Dielectric
Composites with Spherical Nanoinclusions

Dispersion is the phenomenon in which the refractive index
or other optical properties of a material change with the fre-
quency or wavelength of light. In the case of composites con-
taining spherical nanoinclusions, dispersion occurs due to the
interaction between the nanoinclusions and the sur-rounding
matrix material. The incorporation of spherical nanoinclusions
within a nanocomposite (NCs) creates additional interfaces,
leading to complex interactions with incident electromagnetic
waves. These interactions can result in dispersion phenomena,
such as a frequency-dependent refractive index, absorption,
and scattering. The polarization of an individual metal covered
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spherical nanoinclusion with a dielectric core embedded in a
dielectric host matrix can be presented as follows [2, 14, 15]:

(13)
Where,
A= sh((% - 1) Em + €4)

Here, D represents the effective polarizability of the inclu-
sion, while p denotes the metal fraction of the inclusion (r;
and r, are the radii of the dielectric core and the metal shell,
respectively). Since &, is complex, the terms 4, a,[]and n
are also complex.

2.3. Refractive Index of Composite with Passive
Host Matrix

The effective dielectric function (&,) of the composite can
be determined using the Clausius Mossotti formula [15]

Ee—E&p __ 4T DN
Eet2ep 3

(14)

Where D is defined by equation (13), and N represents the
density of the inclusions. The effective dielectric function,
&, 1S provided by the equation below.

a 2

se=£h(1+3f1_fa=n

(15)

Where, fz%nrz?'N represents the volume fraction of

spherical inclusions, and a denotes the polarizability of the
inclusions.

2 _ a' +ia”

"= én (1 +3f 1—f(a’+i(x”))

a'—fla|?+ia”

2 _ L
nt = (1+3f (A-fah?+(fa")?)

=b, + ib, (16)
)

Where,
by =&, (1+3f

a' —fla|?>+ia” )
1-fa")2+(fa")?)

a"

=&, 3f

Equating the real and the imaginary parts n=n'+
in"with equation (16) can give us the expressions
n'?—n"2=h,; an

2n'n" = b, (18)

In this representation, the refractive index is divided into
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its real part, denoted as n', and its imaginary part, denoted as
n”. By isolating these real and imaginary components, we
can effectively express the refractive index in terms of b; and
b..

n'? = %(,/bf +b% +by) (19)
n" = (/b7 + b3 +b,) (20)

These equations are utilized to numerically compute the
n' and n” of composites that contain metal coated dielectric
inclusions for various host matrices.

2.4. Absorption Coefficient

The wave equation allows for a solution represented as a
plane wave given by E=E,ei:'*~®t) The wave number k =
nw/c is a complex quantity that can be expressed in the form
k = k'+ik". Therefore, we can rewrite the equation above as
[34]:

E = Eoei(k'x—wt)e—ik”x (21)

The term e~"'* indicates that the wave diminishes as it
travels. The intensity of an electromagnetic wave is propor-
tional to the square of the electric field (i.e., I = E?). Accord-
ing to Beers law, we can express the relationship as follows:

14
I = [je~%abs* (22)
where a,,s is known as the absorption coefficient. There-
fore, we can write the absorption coefficient as

Aups = 2k" =2n"w/c (23)

Aaps = 21n""Zwy/cC (24)

2.5. Group Velocity

The group velocity v, of a wave packet is the velocity at
which the overall shape of the wave packet (or pulse) travels.
This is particularly important when dealing with wave pack-
ets composed of multiple waves with different wave numbers
k. If the angular frequency w(k) is a linear function of k,
the wave packet will move without distortion, maintaining its
shape. This is because all components of the wave packet
travel at the same speed. The group velocity v, is defined as
the derivative of the angular frequency w(k) with respect to
the wave number k. In the case where the angular frequency
w(k) is approximately linear near the central wave number
ko, the group velocity v, around that point k, is given by:

_dw

Ug T dk (25)
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This expression shows that the velocity at which the
pulse travels is determined by the slope of the w(k) versus
k curve at the central wave number k,. When the wave
packet moves with this velocity, it remains undistorted, as
all components of the wave packet move together coherent-
ly. The group velocity v, of a wave packet can be ex-
pressed in terms of the group refractive index n, as fol-
lows:

(26)

Where, c is the speed of light in a vacuum. The group re-
fractive index n, is related to the ordinary refractive index

n(z) by:

ng =n(z) + wm;—(zz) (27)

This expression reflects that different frequency compo-
nents of a wave packet propagate at varying speeds due to
dispersion, which ultimately affects the overall group ve-
locity of the wave packet. Slow light occurs when the group

velocity v g of light is significantly less than the speed of
light in a vacuum c. The condition Z—Z« ¢ signifies that
the dispersion is such that the group velocity is considera-
bly diminished. In the context of normal dispersion (2—';’ >

0), where the refractive index n exceeds 1, the group ve-
locity is lower than the phase velocity. This occurs because
the refractive index n increases with frequency, resulting in
a reduction in group velocity. Conversely, fast light per-
tains to scenarios where the group velocity v, surpasses
the speed of light in a vacuum c¢ or even turns negative.
This phenomenon is typically linked to anomalous disper-
sion. In regions characterized by anomalous dispersion,

where Z—‘,‘: < 0 (indicating that the refractive index decreas-

es with frequency), the group velocity can indeed become
negative. However, this does not mean that information or
energy travels faster than c; rather, it suggests that the peak
of the pulse appears to move in the opposite direction to the
wave vector.

3. Results and Discussion

In this study, we examined the enhancement factor, ab-
sorption coefficients, refractive index, and group velocity of
ZnTe@Ag core-shell spherical nanoparticles embedded in
various host matrices. The model taken into account in this
study specifically includes a dielectric core of ZnTe, a silver
(Ag) shell, and different host materials. The parameters se-
lected for numerical calculations are as follows [35, 36]:
€4=98 , &, =45, w,=145x10"rad/s , v=
1.67 x 10**rad /s, and z = 0.2.
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3.1. Effect of Core-Shell Radii on LFEF of Met-
al Coated Dielectric Spherical NCs

Figure 1 illustrates the plot of the LFEF for five different
core-shell radii, while maintaining a constant shell thickness
(rp) of 40nm. The analysis indicates that the LFEF of the
spheroidal core-shell NCs displays two distinct peaks. As the
core-shell radii increase from 0.4 to 0.6, the first resonance
peak (counted from left to right) of the LFEF for the spheri-
cal core-shell NCs moves toward lower frequencies, whereas
the second peak of resonance (counted from right to left)
shifts toward higher frequencies. This behavior can be un-
derstood through the plasmon hybridization theory within the
quasi-static limit [37, 38]. In this theory, sphere and cavity
plasmons are generated on the outer and inner surfaces of the
nanoshell, respectively., and these plasmons hybridize to
produce two new resonance modes: the lower energy plas-
mon mode is symmetric, while the higher energy plasmon
mode is antisymmetric [39]. The intensity of these plasmon
modes is influenced by the metallic shell’s thickness. The
asymmetric and antisymmetric plasmonic modes are repre-
sented by the first and second peaks of resonance peaks, re-
spectively. The first set of peaks increases in value and expe-
riences a blue shift as the metallic shell’s thickness increases
(i.e., as ri/r, decreases). This enhancement is attributed to a
rise in the number of available free electrons that participate
in the surface plasmon oscillations at the Ag/ZnO interface
[40].

1600 T T T T T T T T

B r=0.40r, b
B r=0.45r, i
1200 r=0.505
17 0.55p

rF 0.60r

0.25 0.35 04

z

Figure 1. LFEF (|A]?) as a function of frequency for different core-
shell radii. r, = 0.40nm fixed constant.

When the magnitude of the NPs is increased (i.e., the mag-
nitude of the ZnTe@Ag core-shell, while keeping the shell
thickness constant) from ry/r,= 0.4 to r,/r, = 0.6, the values of
the two resonance peak sets are are enhanced, although the
peak positions remain unchanged. This indicates that the mag-
nitude of the NCs does not influence the locations of the reso-
nant peaks; rather, it is the shift in the ratio r/r, that is the role
of adjusting the peak locations to the intended wavelength,
supposing that all other variables stay constant. Figures 1 and
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2 emphasizes the significance of both the core-shell radii and
the size of the nanoparticles in determining the optical proper-
ties of spheroidal core-shell NCs, especially in tuning and en-
hancing the resonance peaks of the LFEF. The findings pre-
sented in [13] are consistent with these findings.

1600
1400
1200
1000 f

1A[2800 |

600
400
200

0

0.52

Figure 2. LFEF for spherical nanoparticles versus core-shell radii
(R1/R,) and frequency z in linear host matrix.

The ability to adjust the resonance peaks of the LFEF by
modifying the core-shell ratio offers a powerful tool for en-
gineering the optical and plasmonic properties of spheroidal
core-shell NCs, with important implications for various ap-
plications in photonics, optoelectronics, sensing, and na-
noscale energy technology. Figure 2 presents a 3D view of
figure 1.

3.2. Effect of Metal VVolume Fractions on
Refractive Index of Metal Coated Dielectric
Spherical NCs

The study reveals that the number of maximum peaks in
the absorption cross-section for nanocomposites varies based
on the host matrix. In particular, it was observed that spheri-
cal nanocomposites exhibit two distinct peaks.

4e+06 T T T
I | Cdse ]
3e+06 [~ Zn0
- ‘ ‘ Si\NJ -
2e406 [~ |‘ I Si0, o |

0.2 T T T T T T T

L 2e+06 | |

& Co e oar ) .
2e+06 |- I - I

let06— | | I il
] oosf- | N -
/

Se+05|- |/

/ R A
QB ) ]
018 024 03 036 042
z

e e

0&
0.36

5
0.18 0.42

Figure 3. (a) Absorption cross section (a,;s) and (b) refractive
index as a function of frequency for different host matrix, r, =
0.40nm fixed constant.

Using equation (24), figure 3 illustrates that the imaginary
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part of the refractive index and the absorption coefficient are
directly proportional to each other. The typical light propaga-
tion length in the medium can be determined using the for-
mula = 1/ag,s [41]. To create conditions that allow for
significant light wave propagation, it is essential to change
the dielectric within the host matrix from CdSe to SiOa. It is
possible to succeed by introducing various dielectric func-
tions for the host matrix. The host matrix containing SiO;
enhances the incident electromagnetic wave instead of ab-
sorbing it.

1600 T T T '

r r=0.40r, b
r=0.45¢

12001~ —— 170505 7

r= 0555

17 0.60p

0.35 04

Figure 4. (a) Real of refractive index (a,s) and (b) imaginary of
refractive index for different core-shell radii.

Additionally, the study demonstrates that even when the
amount of peaks remains consistent across various host ma-
trices, their magnitudes can vary. This indicates that the host
matrix of core-shell NCs influences both the number and the
relative intensities of the absorption cross-section peaks.
Figure 3(a) also shows that the resonance position of the first
peak experiences a slight red shift when the host matrix of
the spherical NCs transitions from CdSe to SiOs. Conversely,
a blue shift is observed when the host matrix has been modi-
fied in the opposite direction.

Figure 5. Real refractive index versus resonate dimensionless fre-
quency (z) and core-shell radii ry/r, in SiO3 host matrix.
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These shifts result in the first and second peaks becoming
closer together in the SiOz host matrix compared to the other
dielectric constants investigated. The study emphasizes the sub-
stantial the host matrix influence on the number, magnitudes,
and resonance positions of the absorption cross-section peaks in
spherical NCs. These findings offer valuable insights for a deep-
er understanding and optimization of the optical properties of
these nanostructures. Figure 3(b) shows that there are two max-
imum peaks in the refractive index, which occur at different
frequencies and volume fractions. When the dielectric host ma-
trix of the spherical NCs changes from CdSe to SiOs, the amount
of the first peak decreases, while the second peak experiences a
slight increase. Furthermore, both the first and second resonance
peaks of the refractive index shift toward higher frequencies.
Importantly, the shift of the first maximum peak toward higher
frequencies is more pronounced than that of the second maxi-
mum peak. This observation indicates that the varying host ma-
trix of the spherical NCs influences the first and second reso-
nance peaks of the refractive index.

In Figure 4(a), n’ is plotted against z, while Figure 4(b)
presents n'’ versus z. These figures focus on the resonant
frequencies of a composite material composed of metal-
coated dielectric spherical inclusions within a passive dielec-
tric core, with different metal fractions indicated by p. The
results reveal two peak values for both n’ and n'' at dis-
tinct resonant frequencies.

Notably, the peak on the left side of the graph is of greater
magnitude than the peak on the right, as shown in both n’
and n"'. This difference indicates an asymmetry in the re-
fractive index properties of the composite material. Similarly,
Figure 4(a) and (b), as well as Figures 5 and 6, illustrate the
impact of core-shell radii on the real and imaginary parts of
the refractive index of the composite material. As the ratio of
the core radius to the shell radius (ry/r;) decreases, the first
resonance peak increases (blue shift), while the second max-
imum peak slightly decreases (red shift). The relationship
between the absorption coefficient (a,;s) and the refractive
index (n'") is illustrated in Figure 7(a) and (b), as outlined in
equation (24).

Figure 6. Refractive index imaginary part (n'’) versus resonate
dimensionless frequency (z) and core-shell radii ri/r, in SiO3 host
matrix.
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Figure 7. (a) Absorption cross section (a,;,s) and (b) refractive
index as a function of frequency for different core-shell radii in
SiO3 host matrix.
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Figure 8. Absorption coefficient (a,;s) versus resonate dimension-
less frequency (z) and core-shell radii r./r, in SiO3 host matrix.

The figure displays the absorption coefficients and refrac-
tive index as functions of frequency for various core-shell
ratios of the spherical nanoparticles. The absorption of the
effective medium composite reaches a maximum at two dis-
tinct frequencies. As the core-shell radii of the spherical na-
noparticles decrease, the first resonance peak not only in-
creases but also shifts toward higher frequencies (a blue
shift). This indicates that the composite material demon-
strates stronger absorption at the first resonance frequency as
the core-shell ratio decreases. The second resonate peak
shows a slight decrease and shifts towards lower frequencies
(red shift). This indicates that the absorption at the second
resonance frequency decreases marginally as the core-shell
ratio declines.

These findings illustrate the essential role of the SiO; host
matrices in modulating the absorption coefficients and re-
fractive index of the effective composite material. The study
emphasizes the considerable impact of the core-shell struc-
ture on the resonance peaks and optical properties of the NCs
material that includes spherical nanoparticles. Similarly, Fig-
ure 8 depicts the effect of core-shell radii on the absorption
coefficients of the composite material. As the ratio of the
core radius to the shell radius (ry/r,) decreases, the first reso-
nance peak increases (blue shift), while the second maximum
peak experiences a slight decrease (red shift). The study also
performed numerical calculations and plotted the absorption
coefficient of the composite material, taking into account
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various volume fractions (f) of spherical nanoparticles, as
illustrated in Figure 9.

3e+06 — ; — —
2.5e+06 — — f=0.001 _|
L f=0002 |
204061 f=0.003
oF 1.5e+06 - .
1e+06 - —
i 1\ |
/ \I‘
5e+05— / \\ —
0 e=b—T"1 L \‘* et —
021 024 027 033 036 039 042
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Figure 9. Absorption cross section () @s a function of frequen-
cy for different volume fraction in SiOz host matrix and r, = 0.40nm
fixed constant.

The results indicate the existence of two maxima in the
absorption coefficient, which occur at two distinct frequen-
cies and volume fractions. As the volume fraction of the
spherical nanoparticles rises from 0.001 to 0.003, the magni-
tude of the first peak increases, while the second peak exhib-
its a slight rise. Additionally, neither the first nor the second
resonance peaks of the absorption coefficient shift; instead,
they increase at two constant frequencies. This finding im-
plies that the first and second resonance peaks of the absorp-
tion coefficient are influenced by the changing volume frac-
tion of the spherical nanoparticles.
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Figure 10. Absorption cross section (a,;,s) versus frequency and
volume fraction in SiO3 host matrix and r,=0.40nm fixed constant.

The investigation of the absorption coefficient () iS
currently being conducted in both 2D and 3D formats. While
the primary focus is on the 2D analysis, Figure 10 illustrates
the absorption coefficient in a 3D context. Interestingly, the
physical quantities depicted in Figures 9 and 10 are the same,
despite the differences in dimensionality. However, there are
significant distinctions between the 2D and 3D graphs re-
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garding the volume fraction of spherical nanoparticles (NPs)
within the composite material. Figure 10 demonstrates a
clear relationship between the dimensionless frequency, the
volume fraction of the composite, and the absorption coeffi-
cient (a4ys) Of the spherical nanocomposites. Specifically, as
the volume fraction of the composite decreases, the agps
also declines accordingly. This observed trend has important
implications for the light propagation properties of the nano-
composite material. The results suggest that as the a,;s of
the nanocomposites decreases, the typical light propagation
length within the medium increases, as described by the in-
verse relationship 1= 1/a .

Consequently, the main observation is that as the volume
fraction of the composite material decreases, the absorption
coefficient also decreases, resulting in an increased light
propagation length within the nanocomposites. The ability to
adjust the light propagation length in these nanocomposites
facilitates the optimization of light-matter interactions, which
is essential for developing efficient and versatile photonic
and optoelectronic devices. Controlling light propagation can
enhance light harvesting, trapping, guiding, and manipula-
tion, ultimately leading to improved performance across var-
ious applications.

3.3. Effect of VVarying Host Matrix on Group
Velocity

Figures 11 and 12 present the group index and group ve-
locity for spherical nanoparticles (NPs) in different host ma-
trices, specifically SiO; and SisN,, respectively. The numeri-
cal results presented in Figure 11(b) demonstrate that the
group velocity of light within the SiO3 host matrix displays
two distinct behaviors. In the proximity of the first resonant
frequency, the group velocity corresponds to that of “fast
light”, with a value of vg=1.86c. Conversely, in the region of
the second resonant frequency, the group velocity reflects
that of “slow light”, with a value of v4=0.96¢c. Altering the
dielectric host matrix of the spherical NPs significantly in-
fluences the results.
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Figure 11. Group index (ng) and group velocity (vg/c) in SiOz host
matrix and r,=0.40nm fixed constant.

The plots of the normalized group velocity (v4/c) against
the parameter z in Figure 11(b) and Figure 12(b) for the
SiO3 and SisN4 host matrices, respectively, exhibit similar
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types of curves. In the SiO; host matrix, the first peak on
the left displays fast-light group velocities, with v, = 1.86c,
while the second peak on the right shows slow-light group
velocities, with vy = 0.95c, as illustrated in figure 11. For
the Si,N, host matrix in figure 11, both the first peak on the
left and the second peak on the right exhibit slow-light
group velocities. The first peak has a group velocity of vy =
0.94c, while the second peak has a group velocity of vq =
0.58c. These results indicate that the dielectric host matrix
of the spherical NCs is critical in determining the group
velocities of light, resulting in the observed fast-light and
slow-light phenomena.
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Figure 12. Group index (ng) and group velocity (vg/c) in SisN, host
matrix and r, =0.40nm fixed constant.

This study emphasizes the importance of the host matrices
in influencing the optical properties of the nanocomposite
material containing spherical nanoparticles.
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Figure 13. Group index (ng) versus dimensionless frequency (z) and
volume fraction (f) in SiO3 host matrix and r,=0.40nm fixed con-
stant.

Figure 13 illustrates the relationship among the group in-
dex, dimensionless frequency, and volume fraction. The re-
sults indicate that as the volume fraction increases, the group
index decreases into the negative range while remaining con-
stant in the positive range. The resonant frequencies of the
nanoparticles are significantly influenced by the dielectric
environment of the host matrices. In the SiO3; matrix, the first
and second resonant frequencies correspond to fast light and
slow light behaviors, respectively. Conversely, in the Si;Ny4
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matrix, both the first and second resonant frequencies display
slow light behavior. The differences in dielectric properties,
resonant frequencies, light-matter interactions, and disper-
sion characteristics between the SiO; and Si,N, host matrices
are key factors affecting the observed variations in group
velocity, particularly the contrast between fast light and slow
light behaviors.

4. Conclusions

In this study, we explored the optical properties of core-
shell spherical nanoinclusions embedded in various host ma-
trices. We conducted both theoretical and humerical analyses
of the LFEF, absorption coefficient, refractive index, and
group velocity of the system using the quasistatic approxima-
tion. Our findings indicate that there are two maximum val-
ues of the local field enhancement factor for different core-
shell radii and host matrices. Consequently, the behavior of
local field enhancement is significantly influenced by the
core-shell radii and the host matrix. As the core-shell radii
increase from 0.4 to 0.6, the first resonance peak (counted
from left to right) of the LFEF for the spherical core-shell
nanocomposites shifts towards lower frequencies, while the
second resonance peak (counted from right to left) shifts
towards higher frequencies. Furthermore, our study shows
that both the first and second resonate peaks of the refractive
index shift towards higher frequencies, with the first peak
demonstrating a more significant shift compared to the sec-
ond. This observation suggests that the varying host matrix
of the spherical nanocomposites plays a crucial role in con-
trolling the first and second resonance peaks of the refractive
index.

The effective medium composite absorption reaches a
maximum at two distinct frequencies. As the core-shell radii
of the spherical nanoparticles decrease, the first resonance
peak increases and shifts towards higher frequencies (a blue
shift), indicating that the composite material exhibits strong-
er absorption at the first resonance frequency as the core-
shell ratio decreases. Conversely, the second resonate peak
slightly decreases and shifts towards lower frequencies (a red
shift), suggesting that absorption at the second resonance
frequency is slightly lower as the core-shell ratio decreases.
These results demonstrate that the SiO3 host matrices signifi-
cantly influence the absorption coefficients and refractive
index of the effective composite material. The interaction
between the incident light and the nanoparticles is affected
by the dielectric properties of the host matrix. In the SiO;
matrix, the light-matter interaction is stronger, leading to
more pronounced fast light and slow light effects. In contrast,
the light-matter interaction in the Si,N, matrix is less pro-
nounced, resulting in a more uniform slow light behavior.
The differences in dielectric properties, resonant frequencies,
light-matter interaction, and dispersion characteristics be-
tween the SiO3 and Si,N, host matrices are key factors influ-
encing the observed differences in group velocity, particular-
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ly regarding the contrast between fast light and slow light
behaviors. We hope that the results obtained will have poten-
tial applications in optoelectronic and photonic devices based
on ZnTe@Ag spherical nanocomposites.
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