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The optical behavior of nanostructures is profoundly influenced by their 

geometry and the properties of the surrounding medium. While spherical 

nanoparticles have been extensively studied, cylindrical nanoinclusions 

offer unique anisotropic properties that are advantageous for integrated 

photonic devices. This work provides a comprehensive theoretical and 

numerical investigation into tuning the optical properties of cylindrical 

core-shell nanoinclusions, with a specific focus on the roles of metal 

fraction and the dielectric nature of passive versus active host matrices. 

By solving the Laplace equation within the quasistatic approximation 

(QA), we analyze the local field enhancement (LFE) and optical 

bistability (OB) for three distinct configurations: metal-coated dielectric 

cylinders (McDCs), dielectric-coated metal cylinders (DcMCs), and 

pure metal cylinders. A key finding is that these geometries exhibit 

fundamentally different resonant behaviors, from dual peaks in metal-

coated systems to single peaks in the others. We demonstrate that the 

metal fraction p is a critical geometric parameter that controls the 

spectral position and strength of these resonances. Furthermore, the host 

matrix’s dielectric function, particularly its imaginary part 𝜀ℎ
′′, serves as 

a powerful material-based tuning knob. Active host matrices with a 

negative 𝜀ℎ
′′ dramatically amplify the local field and modify OB 

characteristics by compensating for plasmonic losses. These insights 

establish clear design principles for optimizing cylindrical 

nanocomposites for advanced applications in nonlinear optics, all-

optical switching, and high-sensitivity nanoscale sensing. 
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1. Introduction  

Nanoparticles continue to attract significant 

scientific interest due to their unique optical 

properties, which diverge markedly from those of 

bulk materials (Zhang et al., 2022; Mamo, 2025). 

Among these, metal-dielectric nanostructures are 

particularly intriguing because their optical 

response is dominated by surface plasmon 

resonances (SPRs), collective oscillations of  
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conduction electrons at the interfaces (Amendola 

& Pilot, 2021; Mamo, 2025). The ability to 

confine and enhance local electromagnetic fields 

at the nanoscale makes these systems 

fundamental to the field of plasmonics, with 

applications ranging from enhanced 

spectroscopy to nonlinear optics (Li et al., 2023; 

Lee et al., 2021; Mamo, 2025). 
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Innovative methods of adjusting plasmonic 

characteristics include the application of core-

shell (CS) topologies. Much research has been 

done on studying the optical characteristics of CS 

nanoparticles (i.e., extinction spectra, scattering 

cross-sections, and near-field enhancement) with 

regard to spherical type shape (Ali, 2024; 

Pirahlace et al., 2023; Mamo, 2025). More 

recently, complex structures like spheroidal and 

dimer shapes have been studied, showing how 

resonant behavior and light-matter interaction 

depend on both the physical shape and 

hybridization (Hitilli et al., 2024; Bergaga et al., 

2023; Mamo, 2025). One of the most significant 

effects seen in nonlinear plasmonics is optical 

bistability (OB), where two stable output states 

can be reached by only one input intensity level. 

OB is extremely important for developing future 

optical memories and switches (Volz et al., 2021; 

Zhang & Wang, 2022; Mamo, 2025). Another 

important contributor to the strong nonlinear 

reactions (OB), which are evident in composite 

structures, is the significant local field 

enhancement generated by surface plasmon 

resonance (SPR) (Nugroho et al., 2022; Mamo, 

2025). 

Although the optical properties of spherical and 

spheroidal CS nanoparticles have been 

extensively studied, cylindrical-shaped 

geometries have been relatively less focused. 

This gap is of importance as cylindrical 

nanostructures (i.e., nanowires and rods) are 

becoming more and more interesting for 

integrated photonic circuits and sensing 

platforms, thanks to their anisotropic behavior 

and larger field enhancement factors (Kumar & 

Singh, 2023; Chen et al., 2021). Additionally, the 

importance of the host matrix is rather 

underestimated. Many works consider a passive 

lossless dielectric background. However, an 

active host matrix with a negative imaginary part 

of its dielectric function can provide optical gain, 

compensating for metallic losses and 

dramatically altering the plasmonic response (Li 

et al., 2021; Wang et al., 2023). The interplay 

between the gain provided by an active host and 

the unique field distribution around cylindrical 

nanoinclusions remains a nascent area of 

research. 

In the past few years, new literature has emerged 

that looks more closely at how the geometric 

structure and gain of particles can yield enhanced 

optical performance than previously understood. 

Movsisyan and Parsanyan (2024) investigated 

the enhanced optical brightness of plasmonic 

core-shell dimers, in which they demonstrated 

that nanostructure geometry can significantly 

affect non-linear optical properties. Hirpha et al. 

(2024) have investigated the non-linear optical 

breins functioning in composite spheroidal core-

shell nanostructure systems with an active 

dielectric core and also discovered significant 

gain achieved through the geometrical 

differences between core-shell nanostructured 

composites with various characteristics. Neither 

of these studies demonstrates a systematic study 

on the influence of dielectric materials on light 

field enhancement and optical brightness in 

cylindrical core-shell nano-inclusions. 

The proposed research endeavors to fill this gap 

by offering a theoretical and numerical study. 

The primary aim of this research is to discuss and 

reveal the local field enhancement and bistability 

effects within a cylinder-shaped nanoinclusion, 

especially for three different setups: MDCDs, 

DMCs, and metallic cylinders. Based on the QA 

approach, this research will describe the local 

field enhancement factor and its sensitivity to the 

metallic component and both the real and 

imaginary parts of the dielectric constant of the 

host materials. Based on the approach provided 

within this research, and by comparing the 

performances within both passive and active host 

matrices, this research is essential for designing 

and optimizing cylinder-shaped nanocomposites 

for novel nanophtonic device applications. 

2. Simulations and theoretical basis 

By using the quasistatic technique, we used 

theoretical and numerical analysis to investigate 

the OB and LFE properties of the 

nanocomposites. Our research was centered on 

cylindrical CS NIs, in which the dielectric 

material with radius 𝑟1 and dielectric function 𝜀ℎ 
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is used to form the core. In contrast, the shell has 

a radius of 𝑟2, and 𝜀𝑚, the applied electric field, 

determines its dielectric function (DF). The 

entire nanocomposite is exposed to incidental 

electromagnetic radiation while implanted in a 

dielectric host matrix with a DF of 𝜀ℎ. We took 

into consideration two options for the host 

matrix’s DF to investigate the impact on the 

increasing local field and optical bistability. A 

material response to an applied electric field can 

determine whether the DF, represented by the 

symbol 𝜀ℎ, is passive or active. The formula for 

this DF is (Rothwell et al., 2016; Getachew, 

2024):  

 𝜀ℎ = 𝜀ℎ
′ + 𝑖𝜀ℎ

′′                                   (1) 

𝜀ℎ
′  and 𝜀ℎ

′′ represent the real and imaginary 

components of the DF of the host matrix 

material, respectively. The DF of the host matrix 

is regarded as passive when 𝜀ℎ
′′ equals zero. 

Conversely, the dielectric function of the host 

matrix is deemed active when 𝜀ℎ
′′ is smaller than 

zero. In order to evaluate each dielectric 

function’s unique effects, we looked at both of its 

components independently in this study. 

2.1. Distribution of electric potential in 

cylindrical core-shell nanoinclusions 

To simulate the optical response in the case of 

cylindrical core-shell nano-inclusions (NIs) in 

an external electric field, we used the 

quasistatic approach. The quasistatic approach 

is applicable when the dimensions of the nano-

inclusion are sufficiently smaller than the 

wavelength of the incoming light. Using the 

quasistatic approach, we can consider the 

problem to be an electrostatic problem. In fact, 

Laplace's equation for the electric potential can 

be used to address the issue. It turns out that the 

quasistatic approach is quite an effective 

analytical tool for analyzing local field 

enhancement. The system under consideration, 

illustrated schematically in Figure 1, consists of 

a cylindrical dielectric core with radius 𝑟1 and 

dielectric function 𝜀𝑑, surrounded by a metallic 

shell with an outer radius 𝑟2 (𝑟1 < 𝑟2 ) and 

dielectric function 𝜀𝑚. This core-shell structure 

is embedded in a host medium characterized by 

a dielectric function 𝜀ℎ. A uniform external 

electric field Eh = Eh ẑ is applied along the axis 

of the cylinder. 

 

 

 

 

 

 

 

 

 

 

Figure 1. Schematic of cylindrical nanoinclusions consisting of a dielectric core (radius 𝑟1, dielectric constant 

𝜀𝑑) coated by a metallic shell (outer radius 𝑟2, dielectric function 𝜀𝑚), embedded in a host matrix (dielectric 

constant 𝜀ℎ). 
  
 

The electric potential distribution within the 

dielectric core, metallic shell, and host matrix can 

be described by three separate functions: 𝛷𝑑 for 

the DC, 𝛷𝑚 for the metallic shell, and 𝛷ℎ for the 

host matrix. These functions are derived 

according to the equation provided in reference 

(Getachew, 2024; Buryi et al., 2011).  

      𝛷𝑑 = −𝐸ℎ𝐴𝑟𝑐𝑜𝑠𝜃, 𝑟 ≤ 𝑟1                       (2)  
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      𝛷𝑚 = −𝐸ℎ (𝐵𝑟 −
𝐶

𝑟
) 𝑐𝑜𝑠𝜃, 𝑟1 ≤ 𝑟 ≤ 𝑟2    (3) 

     𝛷ℎ = −𝐸ℎ (𝑟 −
𝐷

𝑟
) 𝑐𝑜𝑠𝜃, 𝑟 > 𝑟2                (4) 

Here, the applied electric field is denoted by Eh, 

and the cylindrical coordinates of the observation 

point are denoted by r and θ. The vector Eh is 

aligned with the z-axis. The values of the 

coefficients A, B, C, and D are not provided and 

must be determined using the continuity 

equations for the displacement vector and 

electric potential at the interfaces between the 

shell-host matrix and CS boundaries. The electric 

potential is continuous at the interface of a core-

shell nanocomposite between the dielectric core 

and the metallic shell. This notion is based on the 

idea that the electric potential across the interface 

cannot change abruptly; therefore, the potential 

values in the dielectric (core) and metallic (shell) 

regions must be equal at the interface. This 

condition can be expressed as: 

        𝛷𝑑=𝛷𝑚,𝑟 = 𝑟1                                          (5) 

        𝛷𝑚=𝛷ℎ,𝑟 = 𝑟2                                          (6) 

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: 

    𝜀𝑑
𝜕𝜙𝑑

𝜕𝑟
= 𝜀𝑚

𝜕𝜙𝑚

𝜕𝑟
, 𝑟 = 𝑟1                         (7)                                                                                                         

    𝜀𝑚
𝜕𝜙𝑚

𝜕𝑟
= 𝜀ℎ

𝜕𝜙ℎ

𝜕𝑟
, 𝑟 = 𝑟2                         (8) 

The dielectric constants of the dielectric core, 

metal shell, and dielectric host are represented by 

𝜀𝑑, 𝜀𝑚, and 𝜀ℎ, respectively. By solving 

equations 5, 6, 7, and 8 simultaneously, the 

values of the unknown coefficients can be 

determined as listed below. 

𝐴 =
4𝜀𝑚𝜀ℎ

𝑝𝜂
                                                  (9) 

𝐵 =
𝜀ℎ(𝜀𝑑+2𝜀𝑚)

𝑝𝜂
                                         (10) 

𝐶 =
2(𝜀𝑑−𝜀𝑚)

𝑝𝜂
𝑟1

2                                      (11) 

𝐷 = (1 − 2𝜀ℎ
(2−𝑝)+𝜀𝑑𝑝

𝑝𝜂
) 𝑟2

2                    (12) 

Where,  𝑝 = 1 − (
𝑟1

𝑟2
)

2

is the metal volume 

fraction in the inclusion, 

     𝜂 = 𝜀𝑚
2 + ∏𝜀𝑚 + 𝜀𝑑𝜀ℎ                        (13) 

    ∏ = (
2

𝑝
− 1) 𝜀𝑑 + (

2

𝑝
− 1) 𝜀ℎ            (14) 

The Drude-Sommerfeld model is a theoretical 

framework used to describe the behavior of 

electrons in a metal, providing a simplified yet 

effective way to understand the electrical and 

optical properties of metals. This model offers a 

straightforward expression for the DF of the 

metal (𝜀𝑚). The dielectric function represents the 

material’s response to an external electric field 

and determines its optical properties. From the 

Drude-Sommerfeld model, the DF of the metal 

(𝜀𝑚 ) is given by (Getachew & Berga,  2024):  

     𝜀𝑚 = 𝜀∞ −
1

𝑧(𝑧+𝑖𝛾)
                                    (15)  

In this context, 𝜀∞ denotes the effect of bound 

electrons on polarizability. The variable z 

represents the ratio of the incident radiation 

frequency (𝜔) to the frequency of the bulk 

plasmon (𝜔𝑝), while 𝛾 indicates the ratio of the 

electron damping constant (𝜈) to the plasma 

frequency (𝜔𝑝). Additionally, the real and 

imaginary components of 𝜀𝑚 can be expressed as 

     𝜀𝑚 = 𝜀𝑚
′ + 𝑖𝜀𝑚

′′                                       (16) 

Let's denote the parts, both real and imaginary of 

the equations above as follows: 

𝜀𝑚
′ = 𝜀∞

′ −
1

𝑧(𝑧+𝛾)
;  𝜀𝑚

′′ = 𝜀∞
′′ +

1

𝑧(𝑧2+𝛾𝑧)
  

2.2. Enhancing the local field of cylindrical 

NIs 

The local field enhancement is a cornerstone of 

plasmonics, as the amplified field within or near 

a nanostructure drives nonlinear optical effects 

and enhances light-matter interactions. Within 

the quasistatic framework, the uniform applied 

field Eh = Eh ẑ induces a polarization in the 

nanoinclusion. The local electric field E local 

inside the nanostructure can be significantly 

different from, and often much stronger than, the 

applied field. For the cylindrical core-shell 
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geometry, the local field inside the dielectric core 

is of primary interest. As derived in Section 2.1, 

the potential inside the core is 𝛷𝑑 =

−𝐸ℎ𝐴𝑟𝑐𝑜𝑠𝜃. The local electric field is obtained 

by taking the negative gradient of this potential: 

        𝐸𝑙𝑜𝑐𝑎𝑙 = −𝛻𝛷𝑑 = 𝐴𝐸ℎẑ                           (17) 

 

The complex coefficient A, which was 

determined by applying the electrostatic 

boundary conditions, is thus identified as the 

local field enhancement factor. Its magnitude 

squared, |A|2, quantifies the enhancement of the 

electric field intensity within the core relative to 

the incident field intensity. This factor 

encapsulates the collective influence of the 

geometry (through the metal fraction p) and the 

dielectric properties of the core, shell, and host 

matrix. The following subsections present the 

derived expressions for |A|2 for three 

fundamental configurations of cylindrical 

nanoinclusions, highlighting how the specific 

arrangement of materials dictates the plasmonic 

response and the resulting field enhancement.  

2.2.1. Metal-covered dielectric cylindrical NIs 

The ELF in the DC is obtained by substituting 

equation (16) into equation (9), and then squaring 

and simplifying the resulting expression. 

|𝐴|2 = 16
[(𝜀𝑚

′ 𝜀ℎ
′ −𝜀𝑚

′′ 𝜀ℎ
′′)

2
+(𝜀𝑚

′ 𝜀ℎ
′′+𝜀𝑚

′′ 𝜀ℎ
′ )

2
]

𝑝[(𝜀𝑚
′ +𝑞′𝜀𝑚

′ −𝑞′′𝜀𝑚
′′ +𝜀𝑑𝜀ℎ

′ )
2

+(2𝜀𝑑𝜀𝑚
′′ +𝑞′𝜀𝑚

′′ +𝑞′′𝜀𝑚
′ +𝜀𝑑𝜀ℎ

′′)
2

]
(18) 

Where, 

𝜀ℎ = 𝜀ℎ
′ + 𝑖𝜀ℎ

′′, 𝑞 = 𝑞′ + 𝑖𝑞′′                       

       𝑞′ = (
2

𝑝
− 1) (𝜀𝑑 + 𝜀ℎ

′ ), 𝑞′′ = − (
2

𝑝
− 1) 𝜀ℎ

′′ 

2.2.2. Dielectric-covered metal cylindrical NIs 

In the case of dielectric-coated metal cylindrical  

NIs, we can obtain the modified expression for 

the LFE by making a specific change to Eq. (9). 

This change involves replacing the dielectric 

constant 𝜀𝑑 with the dielectric constant of the 

metal 𝜀𝑚, and replacing 𝜀𝑚 with 𝜀𝑑 in the 

equation. By doing so, we can derive the 

expression relevant to dielectric-coated metal 

cylindrical NIs. Consider the CS nanoinclusions, 

which consist of a dielectric core with a radius r1 

and dielectric permittivity 𝜀𝑑, and a shell with a 

radius r2 and dielectric permittivity 𝜀𝑚. The host 

material has an electric permittivity 𝜀ℎ. 

Consequently, the electric potential distributions 

within the metallic core (𝛷𝑚), dielectric shell 

(𝛷𝑑), and host matrix (𝛷ℎ) are expressed as 

follows: 

     𝛷𝑚 = −𝐸ℎ𝐴𝑟𝑐𝑜𝑠𝜃, 𝑟 ≤ 𝑟1                          (20) 

     𝛷𝑑 = −𝐸ℎ (𝐵𝑟 −
𝐶

𝑟
) 𝑐𝑜𝑠𝜃, 𝑟1 ≤ 𝑟 ≤ 𝑟2      (21) 

     𝛷ℎ = −𝐸ℎ (𝑟 −
𝐷

𝑟
) 𝑐𝑜𝑠𝜃, 𝑟 > 𝑟2                (22) 

At the boundary between the dielectric shell and 

the metallic core of a CS nanoinclusions, the 

electric potential is continuous. This principle 

stems from the fact that there cannot be a sudden 

jump in electric potential across the interface; 

therefore, the potential values in the CS and 

shell-host matrix regions must be equal at the 

interface. This condition can be expressed as: 

     𝛷𝑚=𝛷𝑑,   𝑟 = 𝑟1                                         (23) 

     𝛷𝑑 =𝛷ℎ, 𝑟 = 𝑟2                                        (24) 

The continuity of the displacement vector, which 

is related to the electric field, is maintained at the 

interface. This condition can be expressed as: 

𝜀𝑚
𝜕𝜙𝑚

𝜕𝑟
= 𝜀𝑑

𝜕𝜙𝑑

𝜕𝑟
, 𝑟 = 𝑟1                          (25) 

 𝜀𝑑
𝜕𝜙𝑑

𝜕𝑟
= 𝜀ℎ

𝜕𝜙ℎ

𝜕𝑟
, 𝑟 = 𝑟2                          (26) 

Simultaneously solving equations (20)- (22) 

enables us to determine the values of the 

unspecified coefficients listed below: 

     𝐴 =
9𝜀ℎ𝜀𝑑

𝑝𝜂
                                                   (27) 

     𝐵 =
2𝜀ℎ(𝜀𝑑+𝜀𝑚)

𝑝𝜂
                                    (28) 

     𝐶 =
2(𝜀𝑚−𝜀𝑑)

𝑝𝜂
𝑟1

2                                        (29) 

     𝐷 = (1 − 2𝜀ℎ

𝜀𝑑𝜀ℎ
(2−𝑝)+𝜀𝑚𝑝

𝑝𝜂
) 𝑟2

2            (30) 

Where, 

𝜂 = 𝜀𝑑
2 + ∏𝜀𝑑 + 𝜀𝑚𝜀ℎ                        (31)       

∏ = (
2

𝑝
− 1) 𝜀𝑚 + (

2

𝑝
− 1) 𝜀ℎ                 (32)                                
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Enhancing the local field for dielectric-coated 

cylindrical metal NIs is determined as follows: 

  𝐴2 =
16(𝜀ℎ

′2
+𝜀ℎ

′′2
)𝜀𝑑

2

𝑝2(𝜎′2
+𝜎′′2

)
                         (33) 

Where,  

 

2.2.3. Pure metal cylindrical NIs 

The potential distribution for pure metal 

cylindrical NIs with a radius of r1 in a dielectric 

host matrix is given by: 

        𝛷𝑚 = −𝐸ℎ𝐴𝑟𝑐𝑜𝑠𝜃, 𝑟 ≤ 𝑟1                              (34) 

       𝛷ℎ = −𝐸ℎ (𝑟 −
𝐵

𝑟
) 𝑐𝑜𝑠𝜃, 𝑟 ≥ 𝑟2             (35) 

Where, 𝛷𝑚 represents the potential inside the 

cylinder, while 𝛷ℎ  represents the potential 

outside the cylinder. The coefficients A and B are 

unknown and can be determined by applying the 

appropriate electrostatic boundary conditions.  

       𝐴 =
4𝜀ℎ

𝜀ℎ+𝜀𝑚
                                                             (36)                                                                                                                                        

       𝐵 =
𝜀𝑚−𝜀ℎ

𝜀ℎ+𝜀𝑚
𝑟1

2                                                     (37)      

The coefficient A is the local field enhancement 

factor inside the metal cylinder. Substituting the 

complex forms 𝜀ℎ and 𝜀𝑚  into Eq. (36) and 

calculating the squared magnitude gives the local 

field intensity enhancement: 

         |𝐴|2 =
16𝜀𝑚

′2+𝜀ℎ
′′2

(𝜀𝑚
′ +𝜀ℎ

′ )
2

+(𝜀𝑚
′′ +𝜀ℎ

′′)
2                             (38)                                                                                                                                                                    

This result highlights the classic condition for the 

surface plasmon resonance in a cylindrical 

geometry, which occurs when the denominator is 

minimized, approximately satisfying 𝜀𝑚
′ ≈ −𝜀ℎ

′  . 

The presence of the host’s imaginary part 𝜀ℎ
′′ in 

the denominator reveals how optical gain 

(negative 𝜀ℎ
′′) can directly compensate for the 

metal’s intrinsic losses (𝜀𝑚
′′ > 0), leading to a 

dramatic amplification of the local field, as will 

be demonstrated in the numerical results.                

2.3. OB in metal-covered dielectric 

Cylindrical NIs 

When a dipole or polarization of charges forms on 

the surface of a nanoparticle due to the electric 

field created by the incident radiation, surface 

plasmons are created. One way to depict the local 

electric field E is as follows: 

     𝐸 = 𝐴𝐸ℎ                                                                       (39) 

Where A - enhancement factor, 𝐸 - local field, 

𝐸ℎ- applied field. We investigate a metallic shell 

with a radius of r2 surrounding a cylindrical 

dielectric particle, called the core, with a radius of 

r1. With a nonlinear DF, the core is described as 

a Kerr type nonlinear dielectric material. 

    𝜀𝑑= 𝜀𝑑0 + χ|E|2                                   (40) 

The linear component of the DF is depicted by 

𝜀𝑑0. The Kerr coefficient, represented by χ and 

found in Eq. (40), explains the non-linear optical 

response of the core material. Understanding 

how the material behaves during nonlinear 

optical phenomena is largely dependent on this 

coefficient, which measures the strength of the 

dielectric profile’s nonlinear response. By 

obtaining Y =χ|E|2 and X=χ|Eh|
2   and by 

substituting Eq. (40) into Eq. (18)  for the 

enhancing factor, we can derive the OB of 

cylindrical nanoparticles. 

    𝜂Y=X3+aX2+bX                                                          (41) 

Where, 

𝜂 =
16

𝑝2
|
𝜀ℎ𝜀ℎ

𝜎
|

2

, 𝑏 = |
𝛻0

𝜎
| , 𝑎 = 2ℜ (

𝛻0

𝜎
) 

3. Numerical Results and Discussion 

This section presents a detailed analysis of the 

numerical results obtained from the theoretical 

models derived in Section 2. The primary goal is 

to elucidate the effects of the host matrix’s 

dielectric properties (both passive and active) 

and the metal fraction (p) on the LFE and OB for 

three distinct configurations of cylindrical NIs. 

The parameter values used for all simulations are 
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consistent with typical plasmonic composites and 

are listed in Table 1. 

Table 1. Numerical values of physical quantities (Zhu & Zhao, 2016; Chen & Gao, 2016). 

Numerical constant Values 

𝜺𝒅 6.0 

𝜺𝒉 2.25 

𝜺∞ 4.5 

𝝎𝒑 𝟏. 𝟔 ×  𝟏𝟎𝟏𝟒   

𝝊 𝟏. 𝟔𝟖 × 𝟏𝟎𝟏𝟔 

𝜸 𝟏. 𝟏𝟓 ×  𝟏𝟎−𝟑 
 

3.1. Impact of passive and active host matrix 

on LFF of metal-covered dielectric 

cylindrical NIs 

The DF of the host matrix affects the propagation 

and interaction of electromagnetic waves within 

the composite material. In a passive host matrix 

(PHM), the DF is typically constant and does not 

significantly modify the resonant behavior of the 

NIs. However, in an active host matrix (AHM), 

the DF can be tunable or exhibit anisotropic 

behavior, which can introduce additional degrees 

of freedom in shaping the resonant modes and 

thus impact the LFE peaks. 

Figure 2. Local field enhancement (|A|2) versus dimensionless frequency (z) for metal-covered dielectric 

cylindrical nanoinclusions in (a) passive host matrix (PHM) and (b) active host matries (AHMs) with metal 

fraction p = 0.9. The active host matrix significantly amplifies and sharpens the local field peaks compared 

to the passive case, demonstrating the role of gain in enhancing electromagnetic energy confinement. 
 
 

Our numerical results, summarized in Figure 2, 

reveal that the LFE (|A|2) for this configuration 

exhibits two distinct resonant peaks across the 

dimensionless frequency spectrum. This dual-

peak behavior arises from the complex 

interaction between the localized surface 

plasmons (LSPs) supported by the metallic shell 

and the dielectric core, a characteristic feature of 

core-shell geometries (A. Kumar & M.R. Singh, 

2023). In a PHM, where the imaginary part of the 

dielectric permittivity is zero (𝜀ℎ
′′ = 0), these 

resonances are well-defined but limited by the 

intrinsic ohmic losses of the metal, as shown in 

Figure 2(a). The transition to an AHM, 

characterized by a negative 𝜀ℎ
′′, introduces a 

transformative effect. 

Figure 2(b) demonstrates that as the magnitude 

of 𝜀ℎ
′′ increases from 0.013 to 0.103, the two 

resonance peaks do not experience a significant 
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amplification in intensity but also undergo 

spectral shifts. This can be attributed to the 

optical gain provided by the AHM, which 

compensates for the plasmonic losses in the 

metallic shell. The active medium effectively 

supplies energy, leading to a stronger and more 

sustained oscillation of the free electrons at the 

metal-dielectric interfaces. Quantitatively, for 

the first resonant peak at a specific frequency z, 

the ELF value increases from approximately 543 

in the PHM to 692 in the AHM with 𝜀ℎ
′′ =

−0.103. This represents a substantial 

enhancement of over 27%, underscoring the 

critical role of gain in overcoming loss 

mechanisms. 

The physical interpretation is that the AHM 

enhances the absorption, amplification, and 

confinement of the incident electromagnetic field 

within the core-shell nanocavity. The medium 

effectively recycles energy that would otherwise 

be dissipated as heat, leading to a more efficient 

build-up of the local field. This phenomenon is 

further visualized in the 3D representation in 

Figure 3, which maps the enhancement factor 

against both frequency z and 𝜀ℎ
′′. The surface plot 

clearly illustrates a monotonous increase in the 

maximum |A|2 with increasing gain magnitude, 

confirming that the active environment provides 

a powerful knob for tuning the nonlinear optical 

response.

 

Figure 3. Enhancement factor (|A|2) as a function of both dimensionless frequency (z) and the imaginary part of 

the host’s dielectric function 𝜀ℎ
′′ for a cylindrical nanoinclusion in AHM. This 3D visualization confirms that 

increasing the magnitude of the gain systematically boosts the maximum local field enhancement across resonant 

frequencies. 
 

In contrast, the PHM does not have such an 

energy compensation mechanism, yielding a 

lower peak intensity. The behavior that has been 

observed agrees with the expectations derived 

from recent works regarding gain-assisted 

plasmonics (Li et al., 2021; Wang et al., 2023), 

considering the possibility to attain low-

threshold nonlinear effects thanks to the presence 

of active media. Herein, we extend this new 

concept specifically to cylindrical geometries 

and demonstrate that they can provide higher 

field enhancement factors when combined with 

an active environment and with particular 

emphasis on the design of high-sensitivity 

nanosensors and low-power optical switches. 

3.2. The impact of metal fraction on LFE 

metal-covered dielectric cylindrical NCs 

The metal fraction (p) serves as a crucial 

geometric parameter that directly governs the 

plasmonic response and LFE in metal-covered 

dielectric cylindrical nanoinclusions. Our 

detailed analysis shows that changes in p lead to 

significant changes in both the position and 
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intensity of the resonant modes in the spectrum 

for both passive and active hosts. To better 

demonstrate these changes for a PHM, Figure 

4(a) shows that when the metal volume fraction 

is increased from p = 0.7 to p = 0.9, there are 

mainly two changes to the LFE spectrum. Firstly, 

there is an obvious blue-shift effect in the first 

resonant peak, which means that it shifts to 

shorter wavelengths or to higher energies. The 

main reason for this effect is that the increased 

metal volume fraction thickens the metal shell; 

consequently, the plasma frequency of the 

composite structure increases, leading to an 

increase in the resonant frequency in terms of 

frequency scales as reported in previous studies 

for similar nanostructured systems (Kumar & 

Singh, 2023). During the same period, there is an 

intense increase in the intensity associated with 

the first resonant peak, meaning that the maximal 

intensity |A|2 in absolute values is increased by 

about 40% for p = 0.9 compared to p = 0.7. In 

addition, an infinitesimal red-shift effect occurs 

in the second resonant peak, proving that there is 

an increase in the associated wavelength. 

Figure 4. Effect of metal fraction (p) on the local field enhancement |A|2 for metal-covered dielectric 

cylindrical nanoinclusions in (a) PHM and (b) AHM. A higher metal fraction induces a blue shift and 

intensifies the primary resonance peak, highlighting its critical role in tuning the resonance energy and 

strength of the field enhancement. 

The transition to an AHM, shown in Figure 4(b), 

amplifies these effects while introducing 

additional gain-mediated enhancement. For the 

same variation in metal fraction (p = 0.7 to p = 

0.9), the peak intensities in the AHM show even 

greater enhancement compared to the PHM case. 

This synergistic effect arises because the optical 

gain from the active matrix compensates for the 

increased ohmic losses associated with the larger  

metal volume, allowing for more efficient field 

amplification. The combination of increased 

metal fraction and optical gain creates optimal 

conditions for extreme field confinement, with  

local field enhancement factors reaching values 

exceeding 700 for the first resonant peak. 

The physical mechanism behind these 

observations can be understood through the 

modification of the local electromagnetic field 

distribution within the core-shell structure. A 

higher metal fraction reduces the effective 

distance between the inner and outer metal-

dielectric interfaces, strengthening their 

plasmonic coupling. This enhanced coupling 

leads to more concentrated field patterns within 

the dielectric core, particularly at the resonant 

frequencies where constructive interference 

occurs. Furthermore, the reduced inter-particle 
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distances in composite systems with higher metal 

fractions facilitate stronger near-field 

interactions between adjacent nanoinclusions, 

creating additional pathways for field 

enhancement. 

In terms of practical applications, the 

implications of this research for device 

engineering are quite large. Having the capability 

to control both the location and intensity of the 

resonant peaks by adjusting the shape variables p 

and material properties (active and passive 

matrices) gives several degrees of freedom in 

designing nanophotonic devices. To illustrate, in 

sensing applications, the blue-shift phenomenon 

with increasing metal fraction offers the 

opportunity to tune particular absorption features 

in biomolecules, with increased sensitivity due to 

the enhanced intensities. In nonlinear optical 

applications, the simultaneous use of high metal 

fractions and active material supports could 

strongly reduce the power thresholds needed in 

order to observe phenomena like optical 

bistability and harmonic effects. These outcomes 

establish that the use of metal fraction 

engineering in combination with host material 

engineering can provide an efficient tool in 

designing cylindrical core-shell nano-inclusions 

with particular optical properties in the domain 

of nanophotonics. 

3.3. Dielectric-coated metal cylindrical NIs 

The optical response of dielectric-coated metal 

cylindrical NIs presents a fundamentally 

different behavior compared to their metal-

coated dielectric counterparts. As illustrated in 

Figure 5, the local field enhancement (|A|2) for 

this configuration exhibits a single, prominent 

resonant peak across the dimensionless 

frequency spectrum, in contrast to the dual-

peak structure observed in metal-covered 

systems. This singular resonance arises from 

the distinct interface dynamics in dielectric-

coated structures. Here, the primary plasmonic 

activity is confined to the interface between the 

metallic core and the dielectric shell. The outer 

dielectric shell, while influencing the resonance 

condition through its thickness and 

permittivity, does not support independent 

plasmon modes of significant strength. The 

resonant frequency is therefore predominantly 

determined by the surface plasmon polaritons 

propagating at the core-shell interface, leading 

to a single, well-defined enhancement 

maximum (Chen et al., 2021). 
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Figure 5. Effect of metal fraction (p) on the local field enhancement (|A|2) for dielectric-coated metal 

cylindrical nanoinclusions in (a) PHM and (b) AHM. In contrast to metal-covered inclusions, a lower metal 

fraction (thinner shell) leads to a stronger single resonance, optimizing the field enhancement for a dielectric-

coated geometry. 

The metal fraction p plays a critical role in tuning 

this resonance, but with an effect opposite to that 

observed in metal-covered NIs. Figure 5(a) 

demonstrates that in a PHM, a decrease in the 

metal fraction from p = 0.95 to p = 0.50 results in 

a dramatic increase in the enhancement factor, 

with the maximum |A|2 value rising from 

approximately 281 to 376. This counter-intuitive 

relationship occurs because a thinner metallic 

core (smaller p) allows for stronger field 

penetration and more efficient coupling with the 

incident radiation, reducing radiative losses and 

enhancing the local field confinement within the 

dielectric shell. 

The introduction of an AHM significantly 

amplifies this effect. As shown in Figure 5(b), 

within an AHM environment, the same reduction 

in metal fraction (p = 0.95 to p = 0.50) produces 

an even more substantial enhancement, with |A|2 

values surging from 304 to 783 at the resonant 

frequency (z = 0.35). This remarkable 

amplification underscores the synergistic 

combination of a thin metallic core and optical gain 

from the host matrix. The gain medium effectively 

compensates for the remaining losses in the metallic 

core, enabling unprecedented field enhancement 

levels that are nearly double those achievable in 

passive environments. Further analysis of the 

role of the host matrix’s imaginary permittivity 

component (𝜀ℎ
′′) reveals additional tuning 

capabilities. Figures 7(a) and 7(b) show that 

increasing the magnitude of ε 00 h in the AHM 

from 0.013 to 0.103 causes the enhancement 

factor to grow substantially, from 420 to 851. 

This trend is consistently observed across 

different metal fractions, confirming that active 

host matrices provide an independent parameter 

for optimizing device performance beyond 

geometric considerations. 
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Figure 6. Enhancement factor (|A|2) versus metal fraction (p) and dimensionless frequency (z) for a dielectric-

coated metal cylindrical nanoinclusion in AHM. The interplay between metal fraction and frequency reveals an 

optimal shell thickness for maximizing the single resonance peak in an active environment. 

The transition from 2D to 3D representations in 

Figures 6 and 8 provides comprehensive 

visualization of these relationships, clearly 

depicting how both metal fraction and gain 

magnitude collectively determine the ultimate 

enhancement capabilities of dielectric-coated 

metal NIs. The surfaces show smooth gradients 

toward optimal combinations of low metal 

fraction and high gain magnitude, providing clear 

design guidelines for practical applications. From 

an application perspective, dielectric-coated metal 

cylindrical NIs offer distinct advantages for  

situations requiring extreme field enhancement at 

specific frequencies. Their single-resonance 

characteristic simplifies spectral matching 

requirements, while the inverse relationship 

between metal fraction and enhancement provides 

flexibility in material design. These structures are 

particularly suitable for surface-enhanced Raman 

scattering (SERS) applications, where maximum 

field intensity at specific wavelengths is crucial, 

and for nonlinear optical devices where precise 

resonance control enables efficient frequency 

conversion processes. 

Figure 7. Effect of the imaginary part 𝜀ℎ
′′ on the local field enhancement for dielectric-coated metal cylindrical 

nanoinclusions in (a) PHM and (b) AHM. The magnitude of the single resonance peak is 
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 highly sensitive to the gain in the host matrix, with stronger gain leading to a dramatic increase in the field 

enhancement factor

Figure 8. Effect of 𝜀ℎ
′′ on |A|2 versus dimensionless frequency z for dielectric-covered metal cylindrical 

nanoinclusions in AHM (3D representation). This surface plot illustrates the continuous and significant amplification 

of the local field as the gain of the active host matrix increases. 

3.4. Pure metal cylindrical NIs 

The optical response of pure metal cylindrical  

NIs represents a fundamental case where the 

local field enhancement is governed exclusively 

by the dielectric properties of the host matrix, 

without the complexity introduced by core-shell 

interfaces. Our investigation reveals that these 

structures exhibit a single, well-defined resonant 

peak in the enhancement factor (|A|2), as clearly 

demonstrated in Figure 9. 

In a PHM where the imaginary component of 

permittivity is zero (𝜀ℎ
′′ = 0), the resonance 

behavior is primarily dictated by the real part of 

the host’s dielectric function. Under these 

conditions, the maximum achievable  

enhancement factor reaches approximately 475, 

as shown in Figure 9(a). This value represents the 

baseline performance limited by intrinsic ohmic 

losses in the metallic cylinder and the dielectric 

mismatch between the metal and the passive 

environment. The transition to an AHM produces 

a remarkable transformation in the system’s 

optical response. Figure 9(b) illustrates that as the 

magnitude of the negative imaginary component 

(𝜀ℎ
′′) increases from 0.013 to 0.103, the 

enhancement factor undergoes extraordinary 

amplification, with |A|2 values escalating from 

500 to 1842. This represents an enhancement 

boost of over 268% compared to the passive case, 

and nearly quadruple the baseline value at the 

highest gain level investigated. 
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Figure 9. Effect of 𝜀ℎ
′′ on the local field enhancement for pure metal cylindrical nanoinclusions in (a) PHM 

and (b) AHM. Pure metal inclusions exhibit the most dramatic field enhancement in an AHM, where the gain 

compensates for losses, yielding an order-of-magnitude improvement over the passive case. 

The physical mechanism underlying this 

dramatic enhancement can be understood 

through the interaction between the surface 

plasmon modes of the metallic cylinder and the 

gain-providing host medium. In passive 

systems, plasmon oscillations are damped by 

energy dissipation through both radiative and 

non-radiative pathways. The introduction of an 

active host matrix counteracts this dissipation 

through stimulated emission processes, where 

energy from the gain medium is transferred to 

the plasmonic system. This gain-plasmon 

coupling effectively reduces the overall loss 

coefficient, leading to stronger and more 

sustained electron oscillations at the metal-host 

interface. The real and imaginary components 

of the host’s dielectric function play 

complementary roles in this enhancement 

process. The real part (𝜀ℎ
′ ) primarily determines 

the spectral position of the resonance through 

the condition ℜ(𝜀𝑚) ≈ −𝜀ℎ
′ , which defines the 

surface plasmon resonance frequency. 

Meanwhile, the imaginary component (𝜀ℎ
′′) 

governs the energy exchange dynamics, with 

more negative values indicating stronger gain 

and consequently greater field amplification. 

The high enhancement factors achieved in active 

environments, especially the value of 1842 at 𝜀ℎ
′′ 

= - 0.103, indicate that pure metal cylinders with 

high-field intensities sufficient for nonlinear 

optical effects can be realized in gain media with 

much lower input powers. This has major 

implications for realizing low-threshold optical 

switching, high-field nonlinear frequency 

conversion, or single-molecule detection with 

surface-enhanced spectroscopy. When compared 

to core-shell designs, the main advantage offered 

by pure metal NIs, especially in realizing high 

enhancement factors with gain media, is that they 

have simpler geometries. They are further 

advantageous, especially in the high gain regime, 

since there are no extra boundaries to introduce 

losses, making it simpler to transfer light from 

the gain media. 

3.5. OB in metal-covered dielectric 

cylindrical Nis 

The manifestation of optical bistability (OB) in 

metal-covered dielectric cylindrical  NIs 

demonstrates a strong dependence on both the 

dielectric properties of the host matrix and the 

geometric parameters of the nanostructure. Our 

analysis reveals that the bistable behavior can be 

effectively controlled through strategic 

manipulation of the metal fraction (p) and the 

imaginary component of the host matrix’s 

dielectric function (𝜀ℎ
′′). 
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Figure 10 illustrates the profound impact of the 

host matrix activity on the OB characteristics. In 

PHMs where 𝜀ℎ
′′= 0, the system exhibits a 

relatively narrow bistable region with lower 

switching thresholds. However, when 

transitioning to AHMs with progressively 

increasing magnitudes of 𝜀ℎ
′′, several significant 

modifications occur. The switching-up threshold 

field experiences a substantial increasefrom 

approximately 1.4 at 𝜀ℎ
′′ = - 0.013 to 1.86 at  - 

1.233. This upward shift in the threshold 

indicates that stronger incident fields are required 

to trigger the transition between bistable states in 

gain-enhanced environments. 

The physical cause for this phenomenon is rooted 

in the changed energy balance in the system. The 

optical gain contributed by the active host 

material offsets the losses in the system, hence 

increasing the stability of the low intensity state 

and the additional amount of energy required to 

switch off the system. At the same time, the 

bistability zone experiences a substantial 

widening in AHMs. This is more apparent in the 

increased threshold field for switching down. 

Such widening in the bistability zone improves 

the stability of any prospective bistable device 

because there is a larger zone for the input 

intensity for which the high-output state is 

preserved. 

Figure 10. Effect of 𝜀ℎ
′′ on the optical bistability (local field vs. applied field) of metal-coated dielectric 

cylindrical nanoinclusions in (a) PHM and (b) AHM. Incorporating an active host matrix substantially 

increases the switching-up threshold field and widens the bistable region, crucial for designing low-power 

optical switches and memory devices. 

The geometric parameter p (metal fraction) 

provides an additional degree of control over the 

OB characteristics, as demonstrated in Figure 11. 

Our results indicate a consistent trend across both 

passive and active host matrices: increasing the 

metal fraction leads to higher incident field 

requirements at each switching-up threshold 

point. For instance, when p increases from 0.7 to  

0.9, the corresponding switching-up threshold 

fields increase by approximately 30% in PHMs 

and 45% in AHMs. This relationship arises 

because higher metal fractions enhance the 

electromagnetic energy confinement within the 

nanostructure, thereby increasing the energy 

barrier between bistable states. 
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Figure 11. Effect of metal fraction p on the optical bistability of cylindrical core-shell nanoinclusions in (a) 

PHM and (b) AHM. A higher metal fraction broadens the bistable region by raising the switching-up 

threshold, providing a direct means to control the operational range of bistable devices. 

Notably, the switching-down points remain 

relatively insensitive to variations in metal 

fraction, occurring at nearly identical incident 

field values for different p values. This 

asymmetric response creates an interesting 

design parameter by increasing the metal 

fraction, designers can selectively tune the 

switching-up threshold while maintaining a 

consistent switching-down point, effectively 

widening the bistable region. This widening 

effect is particularly pronounced in AHMs, 

where the combination of high metal fraction and 

optical gain produces the broadest bistable 

regions observed in our study

Figure 12. Local field (χ|E|2) versus applied field (χ|Eh|
2) at resonant frequency z = 0.2 for a 

cylindrical nanoinclusion in AHM (3D representation). This 3D plot captures the combined effect of 

the host’s gain and the applied field on the resulting bistable hysteresis, showcasing the complex 

nonlinear response achievable in active systems.  

The three-dimensional representation in Figure 

12 provides comprehensive visualization of the 

interplay between local field intensity (χ|E|2) and 

applied field (χ|Eh|
2) at the resonant frequency z 

= 0.2. This is confirmed by the clear S-shaped 

curve of the bistable response, while the 

steepness of the transition regions points to sharp 

switching, desirable in digital optical 

applications. These results indicate that metal-

covered dielectric cylindrical NIs provide 

versatile platforms for controllable bistable 

devices. Both threshold values and bistable 

region width can be tuned independently by the 

variation of p and εh''. This allows custom-

designed OB responses depending on the specific 

application. The strongly broadened bistable 
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regions in AHMs are especially promising for 

optical memory elements and logic gates, where 

noise immunity and stability of operation are of 

primary importance. The results obtained are in 

good agreement with previous studies 

concerning nanocomposite-based OB (Hirpha et 

al., 2024; Movsisyan & Parsanyan, 2024), while 

emphasizing specifically the benefits offered by 

cylindrical geometries and active media for 

obtaining improved bistable performances. The 

control strategies demonstrated here yield 

practical routes to the optimization of OB devices 

in view of their integration within all-optical 

computing schemes and advanced photonic 

circuits. 

4. Conclusions 

The optical properties of the cylindrical 

nanoinclusions in passive, as well as active, host 

media, particularly with regards to local-field 

amplification, bistability, and other optical 

processes, have been examined in this research. 

By theoretical modeling, approximations, and 

simulations within the framework offered by the 

quasistatic approximation, the findings of this 

research show the specific influence of the 

structure of core-shell nanoinclusions, in 

addition to the dielectric properties of the 

surrounding host media, in achieving controlled 

optical properties. Notably, in the spectrum of the 

amplification factor, for systems where the 

nanoinclusions are overlaid with a metal coating, 

two characteristic peaks are found, including a 

single peak in dielectric-coated-metal 

nanoinclusions, as well as in all-metal 

nanoinclusions. Consequently, the analysis also 

identified “the critical parameter p, which is the 

ratio of the metal's volume,” whereby higher p 

increases the local-field amplification in the 

overlaid-metal system, while decreasing it in the 

dielectric-coated system. Most importantly, 

findings also indicated a strongly positive impact 

due to active host media with negative imaginary 

parts for the dielectric components (εh'' < 0) for 

all systems, whereby the amplification factors 

reached levels up to 1842 in all-metal NIs, nearly 

four times those found in passive media. Lastly, 

in evaluating bistabilities, findings also found the 

critical influence in the switching behavior of 

bistability—both from geometric (metal fraction 

p) differences, in addition to the activities of the 

surrounding host media. Increases in p increased 

the magnitude of the electric incidency necessary 

for the switching up points, thereby increasing 

the bistable range in passive, in addition to active, 

host media. Most pertinent, however, is the 

finding within this research, particularly in 

evaluating bistabilities, showing a substantial 

increase in the switching up thresholds due to 

active host media, while concurrently expanding 

the bistable range, thereby offering enhanced 

stability for potential bistable devices. 

Such findings therefore confirm that cylindrical 

nanoinclusions can be used for a variety of 

nanophotonic tasks and that geometric 

adjustment and the design of active media hold 

great promise for reaching optimum performance 

conditions. The outcomes of this particular study 

can be very important for designing more 

advanced optical devices, like low-threshold 

photo switches, high-sensitivity sensors, memory 

elements, and nonlinear-optical parts. Some 

possible subjects for consideration include 

experimental confirmations of theoretical 

predictions concerning these systems, dynamic 

adjustment schemes, or studying the effects of 

quantum-optical processes. 
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