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Abstract : In this study, the author investigated the local field enhancement factor and optically induced
bistability (OIB) in spherical and cylindrical ZnO@Ag core—shell nanostructures embedded in a linear host matrix,
considering the effects of the interfacial layer as well as the shape and size of the inclusions. The author
umerically analyzed the influence of the interfacial layer on the local field enhancement factor and on the cubic
equation governing the optically induced bistability of the composite material. The interfacial layer factor was
taken as positive, zero, or negative, representing dielectric-like, no-interfacial, and metal-like interfacial
properties, respectively. For spherical inclusions, the local field enhancement factor decreases for larger positive
and negative values of the interfacial layer factor, whereas for cylindrical inclusions, it decreases as the interfacial
factor increases. Results show that the interfacial properties, along with the shape and size of the composite, can
significantly affect both the optically induced bistable behavior and the local field enhancement. This optimized
arrangement and unique bistable behavior in metal composites with small dielectric cores may be promising for various
potential applications like optoelectronics and plasmonic.
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1. Introduction

According to the number of their constituents, materials can be classified as monolithic or composite. A
monolithic material has a single constituent, while composite materials are composed of two or more
constituents with significantly different optical, physical, and chemical properties that, when combined, produce
a material whose characteristics differ from those of the individual components. In a composite material, one
constituent forms a continuous phase called the host matrix, while the others dispersed within the matrix are
referred to as inclusions or fillers.

Composite materials consisting of small, nonlinear metallic particles (in spherical or cylindrical form) randomly

embedded in a linear dielectric host are well known for their complex responses to incident light fields [1, 2].
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Compared with single nonlinear dielectrics or metals, composite structures made of dielectric and metallic
components can support surface plasmons, which confine and enhance the local electromagnetic fields, thereby
significantly boosting the nonlinear optical response. Such effects arise from coherent oscillations of conduction
electrons near the surface of noble metal structures, whose resonances strongly depend on the size and shape of
the inclusions as well as on the dielectric environment. Interesting phenomena such as optical bistability and
local field enhancement have been predicted theoretically [1] as well as observed experimentally. Their
promising applications include optical switches and transistors [1, 3], pulse shapers [1], logic functions and
metamaterials [4], UV-blue emitters for lasers and diodes [5, 6], memory elements [1, 3], and optical
modulators [7]. Surface plasmon oscillations and interfacial effects play important roles in a variety of systems,
and they can dramatically alter the optical behavior of the composite. In this paper, the author qualitatively
studies the effects of the interfacial layer, size, and shape on the local field enhancement factor and optical
bistability by introducing an interfacial factor | and varying the core size and shape of ZnO@Ag core-shell

composites.

As discussed in [8], ZnO nanoparticles (NPs) are nonlinear semiconductors with potential applications in frequency
conversion for nanoscale optical circuitry. In this study, the author chooses silver nanoparticles as the coating
material due to their higher extinction coefficients, sharper extinction bands, larger scattering-to-extinction ratios,
and significantly stronger field enhancements compared to other noble metals. ZnO nanoparticles are selected as
the core because of their unique optical properties, environmental friendliness, and broad applications in
nanotechnology across various scientific fields compared with other transparent conductive oxides (TCOs) [9]. It
has been shown that the interfacial effect plays an important role in the local field enhancement factor and optically
induced bistability (OIB) of such materials, using the Laplace equation and the classical Drude model. OIB arises
from the nonlinear behavior of the dielectric function of the inclusions. The electric field amplitude of an intense
incident radiation is strongly enhanced inside the inclusion (local field) at frequencies close to the surface plasmon
resonance of the metal. This enhancement makes the nonlinear part of the dielectric function of the core significant
[10]. To the best of our knowledge, while previous studies have examined local field enhancement factors -
frequently revealing dual maxima - as well as optically induced bistability, the present work uniquely explores
these phenomena in the ZnO@Ag composite system. This approach represents a distinct and previously unexplored

contribution to the field.

2. Theoretical Model

The author now consider a quantum dot/wire with a nonlinear ZnO core whose dielectric
function (DF) is given by &.(E) = £, + x'’|E|* encapsulated by silver (4,) shell with
dielectrics function (DF) &,,, embedded in a uniform linear dielectric host (magnesium

fluoride (MgF;)) with dielectric function £,. Here, £., is the linear part of £, and
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¥ is the third-order nonlinear susceptibility. The radii of the core and core-shell

inclusion are r; and r,, respectively (r; < ), with an interfacial layer thickness t.

Fig. 1: Model of spherical and cylindrical core-shell embedded in MgF, host matrix

In the electrostatic approximation, the wavelength of the incident electromagnetic wave is
assumed to be much larger than the characteristic size of the inclusion. Under this condition,
the spatial variation of the electromagnetic field across the inclusion becomes negligible,
and the problem reduces to solving for the static electric potential. The distribution of the
electric potential in the system subjected to an external uniform electric field is then
determined by applying the Laplace equation together with the continuity conditions at each
interface. These conditions require that both the electric potential and the normal component
of the electric displacement vector remain continuous across the boundaries. Using these
conditions, the electric potential in the core, shell, interfacial layer, and host medium can be

expressed as follows:

&, (r,8) = A;rcosb, r<mn [1]
"'Pz {T‘, 9] = (Azr 4 %) cosd, 1] Ll L] +t [2]
&, (r,8) = (AET' +%) cosd, mnTt<r<n [3]
and
&, (r.8) = (—E‘ur — %) cos, T>=mn [4]

where #,, ¥, €; and ¥, are potentials in the dielectric core, interfacial layer, metal coat,

and the host matrix, respectively, E; is the applied field, » and & are the spherical/cylindrical
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coordinates of the observation point (the z-axis is chosen along the vector E; for cylindrical
core/shell perpendicular to the axis). And here, = is the dimension of the problem: n = 3 for
the spherical and n = 2 for the cylindrical inclusion, respectively.

The unknown coefficients 4,, 4,, 45, B,, B;. and B; can be determined using the
boundary conditions, However, in this work, the author is specifically interested in the

coefficient A,, as it governs the total enhancement factor of the local field inside the
concentric sphere/cylinder and influences other optical properties.

Now, the author consider the effect of the interfacial layer in the limit t — 0, while ts; — 0,
where &; dielectrics function of the interface. In this limit, the interfacial properties are

concentrated on a surface of zero thickness, and only the product te; remains significant.
Following Refs. [1, 2], the author takes,

I =lim ¢—o te,. ®)

g0
Equation (5) is used to characterize the interface between the ZnO core and the metallic

particles. Here, I is referred to as the interfacial factor. The interfacial layer is actually a
mixture of metal and dielectric components (i.e., ZnO and Ag). Strictly speaking, since &; is a

complex dielectric function, I is also a complex quantity. However, the real part of the

dielectric function of a metallic particle is typically a large negative value, while the
imaginary part - associated with losses -is comparatively smaller in the spectral range of
interest. As a result, the dominant contribution to the interfacial response is governed by the

real part, and neglecting the imaginary component provides a reasonable first-order
approximation. In this description, a negative value of I corresponds to a metal-like interface,
whereas a positive value indicates a dielectric-like interface; the case I =0 represents a
perfect interface.

The coefficient A, can be presented in the form:

DepEm

A_ = i
N e to spherical (6)
- _ FEREm - -
A, S to cylindrical (7)

where
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X, =¢&i +Q¢, + (sc + %) £hr 8)

here

Q= [E‘ + %) (Eu—ulllp B 1) + & (;i_ 1)’ ®)

where p = 1 — (/15" is a metal fraction in the inclusion.

The expressions Eq. 6 and Eq. 7 are used to induced optical bistability (I10B), enhanced local
field [2,10], polarizability and other optical properties [11] in dielectric matrix with
spherical/cylindrical metal inclusions.

Substitute Eq. 6 and 7 into Eq. 1, the electric potential inside the quantum dot/wire composite

becomes
_ FEpEm i
@’1 = - Eﬁl}r’ to spherlcal r<n (10)
— epEm i i
¢1 = —?E[’r, to Cyllndrlcal r < L (11)

Then, using equations above and the relation £ = —V¢ (Laplace equation), the magnitude
of the electric field inside the quantum dot/wire to be

E= h:% Eq, to spherical r<n (12)
“Har
E= TT?‘ Eq to cylindrical r<n (13)

The coefficient of Ej in the above equations are the factors (4), i.e.,

— FepEm

4 X" (14)
— dEpEm

A= (15)

Since 4, as given by the above equations, is generally a complex quantity, it is convenient to

work with the real quantity |4]*, which the author refers to as the enhancement factor. For
spherical and cylindrical inclusions, it can be expressed, respectively, as follows:

|‘q|: = i E;[E:I'I‘"T-I'E;:] (16)

4p® (sl el s el +q) el (@42l )

|‘q|: —_ E Ei[E;;T-I-E;:] (17)

p* (el2-cli 0l +q) +ellZ(g+2al)
where g = (£, + 21/7,)&,. Equations (16) and (17) are obtained by applying the limiting
transition parameters described in Eq. (5). To characterize the interface between the

dielectric core and the concentric metallic particles, the interfacial factor I is introduced.
The field enhancement factor is the ratio of applied electric field intensity to electric field

intensity around the core-shell nanoparticle. The local field enhancement factor F=:
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zZ |E|*
P
The dielectric function (DF) of silver is a key quantity related to the electronic structure of
the core/shell nanostructure and determines the optical properties of the inclusion. The DF of

F

= |A|* (18)

¥

silver is a complex function expressed as =,,, = ¢,,, + iz, ", where £,, and =,, are its real and
imaginary parts, respectively. According to the Drude model, these components are given
by:

. 1 P H

fm T T s 02’ fm = z(22+p%) (19)

Here, the author introduces the dimensionless frequencies z = w/w, and p = 7/w,, where

w, is the frequency of the incident field,
electron collision frequency.

, 1S the plasma frequency, and 7 is the

As mentioned earlier, the dielectric function of the core, £., generally includes a nonlinear
component with respect to the local field.

e(E) =&, + x'VIEP, (20)
Where £, is the linear part of DF and x'*’ is the nonlinear Kerr coefficient; E is the local
field in the core. The enhancement factor of the local field in the inclusion for the weak

incident field s&., > x¥'*|E|?, the local field is presented as in the form of equation

E = |A|E,.
Define (stated in [12])
X =xyIEP, ¥ = y¥IE (21)
then
|E1? = |AI?|Ey|* == X = |A|®Y. (22)
From Eq. (20)
g, =&, +X, (23)
And the general formula of Eq. (14 and 15) is:
A=—""=>4=—F-_ (24)
5.+D EpntX+D

where C and D are depends on the parameter of spherical and cylindrical geometry.
Equation (22), can be express as:

X = mexw Y =>X(g,, + X +D)* =Y. (25)
The above equation may have the form for core-shell composite:
aX?®+ BX* +yX =nY, (26)
where
a=a?+b?, B = 2(ca + bd), y=c?+d?, (27)
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and
81 ,2{ 2 + ,sz . .I‘ , i
z Llli ll'.'.I'L L.l_r|_ ¥ rﬂr bp IE"TICEI
= N (28)
Eﬂzf,azﬂ_,uzj lindrical
pe EpL&m Em Mo Jrﬂ‘r cylinarica
with

a=(n/((n—1p)—-De,, b=n/((n—1Vp)—1De,, c =g —e,7 +
ey, + (£ + 21/ )ep, e = (g + 2I/r))(n/((n— 1)p) — 1) + g, (n/p —
1),d = 2& &' + e

TrL T

The quantity X depends on the applied field Ez and other parameters of the composite.
Equation (26) may have one or three real positive roots. Optically induced bistability (OIB)

is typically illustrated in the ¥ — X plane and is associated with S-shaped curves, which

indicate that a single value of |E;|* can correspond to three different values of the local field

|E|* when a line is drawn perpendicular to the |E;|* axis.

3. Numerical Analysis

The author is now in a position to study the effects of the interfacial factor, as well as the shape
and size of the composite, on optical bistability behavior and the local field enhancement factor
by numerically solving the above equations. In practice, due to diffusion, surface roughness, and
other effects, the interfaces between the nonlinear core and the metallic coating are not perfectly
sharp. Consequently, interfacial layers may exist, with physical properties distinct from those of

both the core and the metallic coating.

3.1. Local Field Enhancement Factor

The local electric field inside the particle can be enhanced due to the differences in the
dielectric properties of the two materials (ZnO/Ag and Ag/MgF), as well as the surface plasmon

resonance of the Ag shell [13]. For simplicity, the dielectric functions of the dielectric core and
the host matrix are assumed to be linear, meaning that the imaginary parts of . and g, are

neglected. The maximum of the enhancement factor in this case is obtained by setting the first

term in the denominator of Eqg. (16) and Eq. (17) to zero, which leads to a quadratic equation

with respect to =/

L
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¥

I‘_-\I.:I.l'zl + QE.'IL + E]r = [I' (29)

To plot the following figures, the author used the following parameters which
are taken from [10, 14, 15].

w, 45, w,=146x10'", p=00114, and 7= 1.67 x 10**

In Figures 1 and 2, |4]* is presented for composites of small spherical and cylindrical

metal/dielectric particles separated by an interfacial layer, plotted against the resonant

frequency z for different values of the interfacial factor I ranging from -2 to 2. It is observed

that the interfacial layer plays a significant role in the behavior of the enhancement factor.
The two resonances in the UV and visible regions are associated with the number of
interfaces between the metal part of the inclusion and the two dielectric components of the
composite. Specifically, the metal shell forms interface with both the host dielectric and the
core dielectric [16]. As a result, the free electrons in the metal oscillate with different surface
plasmon frequencies along the interface with the host dielectric and along the interface with
the core dielectric. At these two resonant frequencies, the local field enhancement factor
exhibits a significant increase.

7E —5 ; ; ; -
6

5

AP x 10°

0.28 0.30 0.32 0.34 0.36 0.38

z

FIG. 2: (color online) Local field enhancement factor spherical nanostructure with
different value of 1 and in the host matrix with dielectrics &, = 2.25 [1] .

As depicted in Fig. 2, as the interfacial layer transitions from metallic to dielectric properties,
the threshold values of the local field enhancement factor increase. This is because the system

is considered to have a metallic outer layer, which enhances the local field when the interface
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exhibits metallic character. For example, for I = 2, the enhancement factor is 5.5 % 107

while for I = —2, it is 6 X 10* and exhibits a blue shift. Furthermore, compared to the case

without an interfacial layer, both metal-like and dielectric-like interfacial layers reduce the

threshold values.

Due to the shape effect, the local field enhancement factor for the cylindrical core—shell
structure in Fig. 3 is further increased for metal-like interfacial layers compared to dielectric-
like or non-interfacial layers. From these two graphs of the local field enhancement factor, it
is evident that the maximum enhancement arises primarily from the contribution of ZnO
nanoparticles, which possess a high dielectric constant and strong polarizability. In addition

to the effect of the interfacial layer, the position and magnitude of the enhancement resonance

depend on the volume fraction and the dielectric constant of the host matrix, .. = 1 [10]. As

the volume fraction decreases, the amplitude of the resonance decreases and the resonances

move farther apart. When £, = 1, the two resonances in the UV and visible regions exhibit

higher amplitudes and become narrower. Moreover, spherical ZnO@Ag core—shell structures
are more sensitive to the applied field in terms of field enhancement in the core compared to

cylindrical core—shell structures, for the same concentration of the silver shell.

A7 x 107

0.96 028 030 032 034 036 038 040

FIG. 3: (color online) Local field enhancement factor cylindrical nanostructure with
different value of I and in the host matrix with dielectrics g, = 2.25 [1], the arrow head

indicates the decreasing of 1.
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The thickness of the shell significantly influences the optical properties of the structure. An
increase in shell thickness (¢t = », — ry) alters the plasmonic response of the system. By

fixing the core radius at 3 nm, the shell thickness is increased from 10 nm in steps of 5 nm for
the cylindrical geometry. For the spherical geometry, the core radius is also fixed at 3 nm, and
the metal fraction is kept the same as that of the cylindrical structure by adjusting the shell
thickness accordingly. Owing to the difference in geometry under an identical metal fraction,
the local field enhancement factor exhibits distinct behaviors for the two structures. As the
metal fraction increases (see Fig. 4), the shell material increasingly dominates the core,
leading to enhanced plasmonic peaks that gradually shift closer to each other and eventually
merge. This behavior is attributed to plasmonic confinement induced by the shell thickness,
which promotes strong oscillations of localized conduction electrons at the core—shell

interface. For different geometries (spherical and cylindrical), both the peak position and
peak intensity differ. In the cylindrical geometry with a small metallic fraction (p, = 0.910),

the plasmonic peaks are sharp, indicating high electrical conductivity, low intrinsic damping,
and an elevated plasmonic frequency. In contrast, the spherical geometry exhibits broader

peaks accompanied by a slight red shift.

— P, =0.910
— P, =0.960 B)
— P;=0.978

P, = 0.986
— Ps=0.990

A x 10°
AP x 10?

3 S Y T S S S S S S S S S S S

FIG. 4: (color online) Local field enhancement factor spherical A) and cylindrical B)
nanostructure with different value of metal fraction and in the host matrix with

dielectrics £, = 2.25 and for perfect interface.

3.2. Optical Induced Bistability

Optical bistability is a notable feature of nonlinear optical effects [17, 18]. It refers to a
phenomenon in which a nonlinear optical system exhibits two distinct values of local field

intensity for a single input intensity, allowing light to control light [19, 20].
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If the cubic Eq. (26) has only one real positive root, the local field in the nanoparticle is a
single-valued function of the applied field. However, if it has three real positive roots, the
local field becomes multi-valued for a single applied field, and the system exhibits instability.
This phenomenon is known as optically induced bistability (OIB) [20]. OIB is typically
illustrated in the applied-field versus local-field plane, where S-shaped curves indicate that
three different values of the local field can correspond to a single value of the applied field
[10, 21].

Figure 5, shows the bistable response of the local field E versus the incident field E, . The
portions of the curves with negative slopes (dotted lines) represent unstable states. In this
analysis, the optical frequency was set at z = 0.30 for all three cases. It is evident that the

interfacial layer plays a significant role in bistable behavior. As the interfacial factor |
changes from negative to positive values - corresponding to a transition of the interfacial
layer from metallic to dielectric character - the threshold values of bistability increase.
Compared to the case without an interfacial layer, a metal-like interfacial layer lowers the
threshold values, while a dielectric-like interfacial layer increases them. Compared with the

previous research work [12], these changes occur within a short range.

0o 01 02 0.3 04

viEl® x 1072
FIG. 5: (color online) Bistability curves of spherical for interfacial factors | = -2, 0, 2

with £., = 8.5, £, = 2.25[1]. The radius core ZnO is 3 nm.
In Fig. 6, the optical bistability of cylindrical core—shell nanostructures is plotted using the

corresponding optical frequency for each interfacial factor as ploted in Fig. 5 (z = 0.25). For
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metallic-like interfacial layers, two stable states exist with a large unstable region. As the
interfacial layer becomes dielectric-like, similar to the properties of ZnO nanoparticles, both
the optical bistability and the threshold values decrease. For a dielectric-like interfacial layer
(I = 2), the unstable region becomes negligible, and the system effectively becomes

monostable. Compared to Fig. 5, due solely to the shape of the inclusion, the optical
bistability is much less pronounced for the same volume fraction (p =0.990). For small

incident electric fields, the corresponding local field in the core of spherical core-shell
structures is comparable to that of cylindrical core/shell structures. The stability of the

composite material for the same geometry is comparable with previous research work [22].

=35
41
e 3:
— I
= of
1t

OF .

0 2 < 6 8
viE|* x 1072
FIG. 6: (color online) Bistability curves of cylindrical for interfacial factors 1 = =2, 0, 2

with g = 8.5, &, = 2.25 [1]. and the radius core ZnO is 3 nm.

In Fig. 7, the optical bistability curves were plotted for increasing core sizes with
corresponding radii ; = 3, 5 and 7 nm, with I = —2, at an optical frequency z = 0.30 and a
fixed volume fraction. It was found that the threshold values and the instability region
increase with radius =, . This behavior can be attributed to the enhancement of local electric

field effects associated with the increase in core size. As the core radius grows, the
contribution of the interfacial layer becomes more significant, leading to a higher
concentration of free carriers at the interface. Consequently, the effective optical response of
the interfacial region gradually shifts toward metallic-like behavior. This transition enhances
nonlinear polarization, which in turn strengthens the optical bistability and results in higher

threshold intensities and a broader instability region. The sharp transition observed at
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r, = 7 nm is particularly important for critical applications such as optical switching,

photonic memory devices, rapid state modulation, and resonance imaging.

3.:}5////@
2sl—  ——
e 2.0F "‘~..____ 7 nm -
L__Lil&f_ -”"‘-n____/—'
1.0} ‘____..-3111:1
ﬂ.sg—‘é‘,//
0.0 5 nm

0.00 002 00+ 006  0.08
vIE|® x 1072

FIG. 7: (color online) Bistability curves of spherical for interfacial factor | = —2 with &
= 8.5, &, = 2.25 [1], the core ZnO radius are 3, 5, and 7 nm.

The increase in optical bistability and instability with core size can be explained by the
enhanced electromagnetic interaction within the nanocomposite system. As the size of the
ZnO core nanoparticles increases (based on Fig. 8), a larger portion of the composite volume
contributes to polarization under the applied optical field. This leads to stronger local field

enhancement at the core—shell interface [23].

Moreover, increasing the core size effectively modifies the interfacial characteristics by
increasing the metallic-like contribution of the interfacial layer. This enhances nonlinear
optical responses, such as Kerr-type nonlinearity, which directly affects the bistability
behavior. As a result, higher core sizes require larger input intensities to switch between

stable states, leading to increased threshold values and a broader instability region.

Therefore, even when the volume fraction and frequency are kept constant, the inclusion size

plays a critical role in controlling the optical bistability characteristics of the system.
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FIG. 8: (color online) Bistability curves of spherical for different interfacial factor |
with g = 8.5, &, = 2.25 [1] and the core ZnO radius is 7 nm.

4. Conclusion

In this paper, the author studied the effects of the interfacial layer, shape, and size of the
composite on the enhancement factor of the local field and optical induced bistability (OI1B)
for a quantum dot/wire composite randomly embedded in a linear glass host matrix. The
numerical results obtained in this study show that an incident electric field (electromagnetic

wave) can be significantly enhanced at the core of spherical and cylindrical nanoinclusions.

For composites containing metal-coated dielectric nanoinclusions, two peak values of the
enhancement factor appear at two distinct resonant frequencies. The second maximum of the
enhancement factor becomes more pronounced as the volume fraction of the metallic

component of the inclusion increases.

The author solved the enhancement factor of the local field and optical induced bistability for
ZnO@Ag composites with an interfacial layer between the core and shell, embedded in a
linear host matrix. The Laplace equation was solved using the classical Drude model. For
both cylindrical and spherical composites, when the interfacial layer changes from dielectric-

like to metal-like behavior, the corresponding enhancement peak increases significantly.

In general, the numerical results demonstrate that the interfacial layer, shape, and size of the
composite strongly influence the enhancement factor of the local field and optical induced

bistability in metal inclusions with small dielectric cores. Moreover, a metal-like interfacial
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layer is favorable for increasing the threshold value of optical induced bistability. Such
engineered core—shell nanostructures offer significant potential across a wide range of
technological applications. Owing to their tunable optical and plasmonic properties, these
structures are particularly suitable for data storage, optical switching, rapid state modulation,
and advanced optical imaging. The ability to precisely engineer the core and shell dimensions
enables controlled manipulation of local field enhancement and resonance behavior, making
these nanostructures promising candidates for next-generation photonic and optoelectronic

devices.
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