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Abstract Optical fiber core with customized characteristics became demanding for diverse high 

performance applications. Based on this idea, the optical fiber core was activated using various 
plasmonic metals (beryllium, chromium, and nickel) to improve its refractive index, sensitivity and 
bandwidth.  The influence of various wavelengths and core radii on three modes (LP01, LP11 and LP21) 
propagation was determined using finite element analysis (FEM). The COMSOL MULTIPHYSICS 
software was used for the computation. The fiber core radii of the plasmonic metal activated and 
wavelengths were varied to control the forward and backward energy propagation as well as the modal 
dispersion relation. Quantities like effective refractive index, attenuation, propagation constant and 
diffusion coefficient for the three modes as a function of wavelengths and fiber core radii were calculated, 
which showed maximum values at shorter wavelengths. Irrespective of the type of metal activation in the 
fiber core, the refractive index of LP01 mode for the core of radius 200 nm was more significantly affected 
compared to others. Regardless of different metals inclusion, the dispersion relation (refractive index 
versus frequency) for all modes was strongly positive, showing increasing values for radius in the order 
of 200, 400, 600 nm. Plasmonic metals Cr and Ni displayed best effect, while Be required high values of 
V to get LP01 in a narrow range and other modes appeared in a larger range than V. Present results may 
be useful for the development of high performance optical fiber core. 

 

Keywords: Attenuation coefficient, plasmonic metals, propagation constant, refractive index, dispersion 

relation, modes. 
 

 

Introduction 
 

A plasmon is the quanta of plasma (electrons and ions density) oscillation [1,2] which is considered as 
a quasiparticle like phonons (quanta of lattice vibrations) [3]. Briefly, the plasmons are mass oscillations 
of the free electron gas density, especially prominent in the noble metal nanostructures due to strong 
localization (called quantum confinement) [4]. At optical frequencies these plasmons can couple with a 
photon to form another quasiparticle called plasmon polariton which can be described Maxwell's 
electromagnetic equations [5,6]. These plasmons play a significant role in the improvement of 
semiconductors and metals optical properties [7]. In the case of metals, the plasma frequency lies in 
ultraviolet region, making them reflective in the visible region. Various metals like copper, silver, and gold 
display visible interfacial electronic transitions, imparting their distinctive color upon absorbing certain 
wavelengths [6]. For semiconductors, the plasmon frequency of electrons oscillation occurs in the deep 
UV region, while the electronic its transitions across the bands occur in the visible region, producing 
characteristic colors and become reflective when certain light energies get absorbed [8-10] . 

 
Surface plasmon polariton (SPP) is the electromagnetic surface wave that propagates in a direction 
parallel to the interface of insulating materials. Since the propagated waves lie on the boundary of a 
conductor and an external medium like air, thereby very sensitive to any change in the boundaries. This 
in turn, alters the refractive index at the contact region, enabling the modulation of the surface plasmon 
resonance (SPR)-mediated strong electromagnetic field [11]. This unique feature allows the monitoring 
of the surface events that cause dielectric changes in the optical fiber desired for plasmonic applications 
[11].  
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Considering the immense importance of the highperformance optical fiber, we incorporate three 
plasmonic metals, mainly beryllium (Be), chromium (Cr), and nickel (Ni), into the fibre optic core in order 
to enhance the refractive index, attenuation coefficient, propagation constant, and dispersion relation for 
LP01, LP11, and LP21 modes. This allows us to compare their performance with the most effective 
metal and determine the optimal choice. Plasmonic metals are comprised of metallic constituents that 
demonstrate significant resistance to oxidation, even when exposed to elevated temperature conditions 
and chemical reactions [12]. This characteristic renders them highly resistant to corrosion and less 
susceptible to damage from acid attacks. In addition, photonic metals including gold (Au), silver (Ag), 
copper (Cu), aluminium (Al), platinum (Pt), Ni, Be, and Cr are renowned for their excellent conductivity 
and catalytic characteristics. These properties allow them to efficiently expedite or stabilize the kinetics 
of specific oxidation, reduction, and hydrogenation reactions [13]. Although these metals with 
outstanding localized surface plasmon resonance (LSPR) and resistance are still exposed to oxidation, 
leading to formation of metal oxides that are rather stable nature. Furthermore, these elements are 
among the best for forming the plasmonic phenomena due to their high absorption potential, ability to 
produce surface waves and other properties [12-14]. The effects of varying wavelengths and core radii 
on the propagation characteristics of these modes were evaluated using COMSOL MULTIPHYSICS 
software calculation. The plasmonic metals activation in the optical fiber core was shown to be useful 
for the customization of the propagation energy and dispersion relation. The computed results were 
analyzed, interpreted and discussed to gain a basic insight of the plasmonic effects on the optical fiber 
core properties. 

 
The current work discusses the production of the plasmonic phenomena by creating the optical fibre 
cores from noble metals or plasmonic metals. It is evident that an optical fibre comprising a glass core 
lacks the capability to exhibit a plasmonic phenomenon, as this particular phenomenon exclusively 
occurs between two metallic media [15]. Numerous scholars have conducted investigations and 
implemented this phenomenon. Guo et al. [16] developed Plasmonic immunosensors using noble metal 
materials in the form of films or nanoparticles, which were functionalized with bioreceptors, enabling the 
detection of analytes through antibody/antigen interactions or other affinity-based mechanisms. The 
surface plasmon resonance (SPR) is excited by a localized discharge focused light.  Today, photo-
printed metal-coated fibre gratings within the fibre core are being considered for their modular features 
that enable SPR generation at any desired wavelength with a specific focus on communication window 
[17]. Scientists and researchers have achieved significant advancements in this particular sector by 
using several forms of gratings, including short inclined, uncentred, uniform, and long-term gratings [18]. 
The implementation of such sensors has been shown to be feasible for highly precise analysis and 
diagnostic applications conducted within living organisms [19]. Salman et al. [20] designed a sensor 
based on photonic crystal fibre (PCF) with an inner gold layer, positioned between the liquid holes and 
air holes between liquid and air holes to induce plasmonic effect. It was revealed that the thickness of 
the gold layer, the radius of the air and liquid holes exert a notable influence on the sensor's sensitivity, 
specifically under specific simulated conditions. Furthermore, the resonance wavelength was linearly 
related to the liquid's refractive index, allowing the analysis to be scaled without necessitating 
modifications to the sensor design [21]. Hussein et al. [22] constructed a plasmonic optical fibre sensor 
for sensing liquid materials using the imaginary component of the effective refractive index, which is 
responsible for the attenuation of these materials. The proposed sensor comprises two sets of circuits: 
the initial set consists six holes filled with air, while the external set is filled in an alternating mode with 
analytics and air.  This configuration is then coated with a nickel and enclosed by a perfectly match layer 
(PML) to activate SPR and reduces reflections within the sensor's core, hence enhancing the sensor 
efficiency. The Druid-Lorentz model was used to compute metal electrical permittivity, while the Silimer 
model was utilised for silica [23]. 

 
Optical Fiber Design 
 
The proposed fiber was composed of two concentric circles wherein the inner one of radius a represented 
the core (individually made from Cr, Ni, and Be) and the outer ring made from silica of radius b was the 
fiber clad (Figure 1a). Table 1 shows the values of fiber parameters. A series of distinct mathematical 
equations were used to split the fiber cross-section into infinitesimal called mesh as displayed in Figure 
1b. The optical properties of the proposed plasmonic optical fiber material were determined using the 
FEM method in the COMSOL MULTIPHYSICS 5.4 environment. This software is based on the numerical 
simulation method, containing several physical models that allow in designing various engineering 
structures using computer-aided drawing (CAD). The FEM was used to solve the differential equations 
depending on fiber core mesh size. The behavior of the core medium was simulated via the summation 
of the differential equations for various meshes.  
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Figure 1. (a) Cross section and (b) mesh of the proposed fiber 

 
Table 1 exemplifies the parameters and corresponding values utilized in the design of the plasmonic 
optical fibre, such as the wavelengths of incident light (ʎ), core and cladding radii (R1 and R2), clad 
refractive index (nclad), core and cladding materials, which are determined via the COMSEL programme. 
It is important to emphasise that the selection of distinct radii for the core and envelope of the plasmonic 
optical fibre was based on experimental investigations and a comprehensive review of relevant literature 
sources [15, 24]. In particular, it was revealed that optimal plasmonic phenomenon outcomes were 
obtained when the core radius varied from 200 to 600 nm and the casing radius remained fixed at 1000 
nm. 
 
Table 1. Various parameters and their values of the optical fiber 

 

 

 

 

 

 

 
Theoretical Formalism 
 
It is known that the fluctuating conduction electrons undergo inter-band transition when the incoming 
photon energy is higher than the band gap energy of the material. The transition probability is determined 
by the permittivity and permeability (complex dielectric functions) of the material. The optical properties 
of the material are affected by both bound and free electrons. The complex permittivity of the noble 
metals can be described by the Drude and Lorentz models given by [25] : 
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where 
iw , i , 

i , and 
if  are the resonance frequencies, resonating patterns, damping coefficient and 

weighted factors of the metals. Table 2 presents the various parameter values of the Drude-Lorentz 
model used in this work for different metals. 

 

 

 

Parameters Values 

Wavelength (ʎ) 1200 to 2000 nm with step size 100 

Core radius  (R1) 200, 400 and 600 nm 

Clad radius  (R2) 1000 nm 

Clad refractive index (nclad) 1.45 

Core Be, Cr, Ni 

Cladding Silica 
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Table 2. Parameter values of different metals used in equation 1 [26] 

Parameters Be Cr Ni 

fo 0.084 0.168 0.096 

γd 0.035 0.047 0.048 

f1  0.031 0.151 0.100 

γ1  (eV) 1.664 3.175 4.511 

w1  (eV) 0.100 0.121 0.174 

f2 0.140 0.150 0.135 

γ2 3.395 1.305 1.334 

w2 1.032 0.543 0.582 

f3 0.530 1.149 0.106 

γ3 4.454  2.676 2.178 

w3 3.183 1.970 1.597 

f4 0.130 0.825 0.729 

γ4 1.802 1.335 6.292 

w4 4.604 8.775 6.089 

f5 ــ   ــ ــ  ــ ــ  ــ

τ5 ــ   ــ ــ  ــ ــ  ــ

w5 ــ   ــ ــ  ــ ــ  ــ

 
Since only the LP01 mode propagates in a single mode optical fiber, no time difference across the 
modes exist, resulting in the complete absence of multimodal dispersion. Also, each propagation mode 
is associated with the fiber core that satisfies the following condition [25]: 

 <  <                                                  (2)clad eff coren n n  

where neff = β/k0 is the effective refractive index of the fiber core, β is the propagation constant, and 
k0=2π/λ  is the wave vector in vacuum with wavelength λ. 
The attenuation coefficient (a measure of electromagnetic energy loss in the optical fiber) can be 
calculated using the expression [26]: 

  ( ) ( )78.686 10                                      3o effk im n dB cm    

where im{neff } is the imaginary part of the effective refractive index.  
 
The normalized frequency (V) can be used to determine the single-mode nature of the fiber at a given 
wavelength. In addition, it measured the number of possible associated modes given by [27]: 

2 2
1 2

2
                                                       (4)

a
V n n




= −  

where a is core radius of the fiber.  

 
Results and Discussion  
 
The refractive index of the optical fibre core was determined using the equation n = (ε μ)1/2, assuming 
that all materials involved were non-magnetic materials. Hence, it may be inferred that the value of μ is 
equal to 1. This conclusion is based on the chemical classification of nickel as a transition metal, its 
weak magnetic properties, and its similarity in behaviour to noble metals [28]. The electrical permittivity 
was obtained using equation (1). The values of fiber parameters (Table 2) were used to calculate the 
modes by the COMSOL software. Figures 2 and 3 show the computed three modes including LP01 and 
LP11 and LP21. The results were obtained for various fiber core radii (200, 400, and 600 nm) and various 
wavelengths (1000, 1500, and 2000 nm). For the fiber core made of Cr (Figure 2), the outgoing energy 
percentage from the core was increased with the increase of wavelength (indicated by the yellow and 
red color). For the core made of Ni (Figure 3), the mode size was increased with the increase of core 
radius. All three modes revealed similar trends. It was affirmed that the power ratio in the proposed may 
be controlled by adjusting the fiber core radius and wavelength. It has been observed that the simulation 
results (Figure 2 and 3) deviate from the well-established Gaussian intensity profile for the LP01 mode. 
This deviation can be attributed to the metallic composition of the plasmonic fiber's core, which causes 
the Gaussian density to be inadequate, only the ends remain. Additionally, the Gaussian intensity is only 
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observed in the insulating regions [29]. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. The modal features for Cr core fiber at a = 600 nm and λ=1200, 1600, and 2000 nm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. The modal features for Ni core fiber at λ = 1600 nm and a = 200, 400, and 600 nm 

 
Figures 4 to 6 illustrate the relationship between neff and λ for LP01, LP11, LP21 modes propagation in the 
fiber cores made from Be, Cr, and Ni  at various radii (200, 400, and 600 nm). Irrespective of the core 
types, the values of neff was highest at shortest wavelengths. With the increase of wavelength the values 
of neff for all modes were decreased. This observation can be attributed to the influence of SPR-mediated 
electromagnetic fields on the fiber core refractive index. The refractive index consisted of real and 
imaginary parts (the imaginary and real part signified the corresponding attenuation and refraction of 
light in the fiber material). Essentially, the refractive index was strongly affected by the plasmon waves 
and density of the fiber material. The change of neff with λ and a depending on the intensity of each mode 
was clearly evidenced. For the first time we designed this type of fiber with plasmonic metal core and 
demonstrated the strong correlation between neff and λ for LP01, LP11, LP21 modes at different core radii 
[30]. For LP01 mode (Figure 4), the values of neff were decreased with the increase of radii from 200 to 
600 nm. Furthermore, the values of neff were identical for a = 400 and 600 nm for λ in the range of 1200 
- 1300 nm. Then, the values started move away with the increase of wavelength (Figure 4b and c). The 
curves for a = 400, and 600 nm were coincided at the λ = 1400 nm and 1300 nm, respectively. Figures 
5 and 6 corresponding to the LP11 and LP21 modes displayed highest value of neff at a = 600, 400, and 
200 nm, respectively. A comparison of the results for 3 different plasmonic metal activated fiber core 
showed that the highest value of neff followed the trend of Cr > Ni > Be. 
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Figure 4. The neff versus  for LP01 mode of the fiber cores made with Be, Cr and Ni at a = 200, 400, 
and 600 nm 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. The neff versus  for LP11 mode of the fiber cores made with Be, Cr and Ni at a = 200, 400, and 
600 nm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. The neff versus  for LP21 mode of the fiber cores made with Be, Cr and Ni at a = 200, 400, and 
600 nm 

 
Figures 7 to 9 present the attenuation coefficient (α) against λ relation for LP01, LP11, LP21 modes 
propagation in the fiber cores made from Be, Cr, and Ni  at various radii (200, 400, and 600 nm). For all 
fiber cores, the values of α was maximum at shortest wavelengths and then decreased with the increase 
of λ, which was mainly due to the dependence of α (imaginary part of the effective refractive index) on 
the fiber core density (inversely proportional). For LP01 mode (Figure 7), the highest value α was obtained 
at a = 200. The value α at a =400 and 600 nm were further away from the one obtained at a = 200 nm 
except the point of co-occurrence at highest wavelength. For the fiber core made using Be, Cr and Ni it 
matched correspondingly at λ of 1600, 1690 and 1700 nm.  For the mode LP11 (Figure 8) the value of α 
for different radii followed the trend of 600 > 400 > 200 nm. However, but these curves are identical from 
the beginning and then diverge with each other with increasing wavelength. For the core made using Be, 
all three curves were coincided at λ=1200 nm. For the core made from Cr and Ni, all three curves were 
correspondingly merged at λ=1400 nm and λ=1300 nm. For LP21 mode (Figure 9), the highest value of 
α for different radii followed the trend 600 > 400 > 200 nm. In addition, the curves for a = 400 and 600 
nm were merged at far-off from a = 200 nm. A comparison of these results showed that the values of α 
followed the trend of Cr > Ni > Be. The value of α was used to characterize the penetration of a light 
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beam through the medium. Thus, the larger value of α signified a weaker penetration of the light beam 
through the medium thereby indicating high attenuation. In a concise manner. The graphs produced from 
the experimental analysis reveal that plasmonic optical fibers exhibit significant attenuation. The findings 
indicate that amongst the elements assessed, Cr exhibits the highest level of attenuation, followed by Ni 
and Be. 

 

 

 

 

 

 

 

 

 

Figure 7.   The α- relation for LP01 mode of the fiber cores made with Be, Cr and Ni at a = 200, 400, and 
600 nm 

 

 

Figure 8. The α versus  plot for LP11 mode of the fiber cores made with Be, Cr and Ni at a = 200, 400, 
and 600 nm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 9.  The α versus  plot for LP21 mode of the fiber cores made with Be, Cr and Ni at a = 200, 400, 
and 600 nm 

 
Figures 10 to 12 display the β against λ plot for LP01, LP11, LP21 modes propagation in the fiber cores 
made from Be, Cr, and Ni  at various radii (200, 400, and 600 nm). For all fiber cores and regardless of 
the radii, the values of β was maximum at shortest wavelengths and then decreased with the increase 
of λ. This result can be ascribed to inverse dependence of β (diffusion or propagation constant) on the 
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real part of the refractive index and density of the medium. Thus, with the increase of the refractive index, 
the diffusion constant was decreased. For LP01 mode, the value of β was highest at a = 200 nm and then 
became identical at a = 400, 600 nm. Finally, all these curves were merged at the highest wavelength. 
The values of β for the fiber core made from different metals followed the trend of Cr > Ni > Be. For LP11 
and LP21 modes (Figures 11 and 12), the values of β for the fiber core of different radii followed the trend 
of 600 > 400 > 200 nm. Additionally, all the curves for 3 plasmonic metals were convergent, except for 
the mode LP11. A comparison of the results for 3 different metal cores displayed that the value β attained 
the order of Cr > Ni > Be. 

 

 

Figure 10. The β- relation for LP01 mode of the fiber cores made with Be, Cr and Ni at a = 200, 400, 
and 600 nm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11.   The β- relation for LP11 mode of the fiber cores made with Be, Cr and Ni at a = 200, 400, 
and 600 nm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12.   The β- relation for LP21 mode of the fiber cores made with Be, Cr and Ni at a = 200, 400, 
and 600 nm 
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Figures 13 to 15 show the dispersion relation (V versus neff) for LP01, LP11, LP21 modes propagation in 
the fiber cores made from Be, Cr, and Ni at various radii (200, 400, and 600 nm). For all fiber cores, the 
values of neff  was maximum at the lowest normalized frequency (V)  and then decreased with the increase 
of V. in addition, a direct relation between neff and V was discerned, wherein the value of V was increased 
with increase of neff. This improvement in the neff value as a function of the core radii followed a trend of 
200 > 400 > 600 nm. The values of of neff for the core radius 499 and 600 nm were very close to each 
other and far away from the neff values obtained with core radii of 200 nm.  For all modes, the fiber core 
made from Cr showed optimum values of V followed by Ni and Be. It was observed that the mode LP01 
appeared in a narrow range of V and modes LP11, LP21 occurred in a wider range of V. 

 

 

 

 

 

 

 

 

 

Figure 13.  The dispersion relation for LP01 mode of the fiber cores made with Be, Cr and Ni at a = 200, 
400, and 600 nm 

 

 

 

 

 

 

 

 

 

Figure 14.  The dispersion relation for LP11 mode of the fiber cores made with Be, Cr and Ni at a = 200, 
400, and 600 nm 
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Figure 15.  The dispersion relation for LP21 mode of the fiber cores made with Be, Cr and Ni at a = 200, 
400, and 600 nm 

 
A comparison of our results with other state-of-the-art research reported in the literature [31,32] 
suggested that the V values were highest for the core made from Be with a being odd. It was inferred 
that the highest results of the dispersion relation of the core made from different plasmonic metals 
followed the order of Cr > Ni > Be > Au > Ag > Cu > Al [32, 33]. 

 
Conclusions  
The characteristics of optical fiber with plasmonic metal cores were determined for the first time. It was 
demonstrated that the performance of the fiber can be improved by customizing the nature of metal core, 
core radius and wavelength. The impact of metals cores like Be, Cr, and Ni on the modification of 
refractive index, dispersion relation of three modes (LP01, LP11 and LP21), attenuation coefficient, 
propagation constant, sensitivity and bandwidth were evaluated . COMSOL MULTIPHYSICS software 
with FEM was used for the calculation. It was established that thee power ratio can be balanced by 
increasing the fiber core radius and the wavelength of light. The values of effective refractive index, 
attenuation coefficient, and propagation constant were higher at shorter wavelengths. A direct correlation 
between effective refractive index and standard frequency was ascertained . In terms of optimum 
performance of the metal core it followed the trend of Cr > Ni > Be, indicating high values of V for Be. 
The LP01 mode appeared at a narrow range of V and  LP11 and LP21 occurred at wider range of V. Briefly, 
the proposed fiber design can be potential for several functional devices applications. 
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