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Understanding the effect of dielectric environment around silver nanowires would be of great importance for their applications 
in surface plasmon (SP) mediated non-linear effects and plasmonic waveguide. In this paper, we investigate the dependence 
of several surface plasmon (SP) characteristics of silver nanowire, e.g. energy confinement, hot energy site, propagation 
length and coupling distance, on the surrounding dielectric environment. It is found that a homogeneous dielectric 
environment results in a uniform energy distribution around the surface of the nanowire, and a high dielectric environment 
contributes to stronger energy confinement and shorter propagation length. On the other hand, for an inhomogeneous 
dielectric environment, energy hot spots are observed closing to the surrounding material with largest refractive index. 
Furthermore, the energy hot spots around silver nanowires get more confined in an abrupt change of dielectric environment. 
Besides, we find that the dielectric environment also affects the SP coupling distance of the two nanowires. Hence, the 
present simulation results can provide valuable reference for the researches of SP assisted spectrum enhancement or 
plasmonic waveguide. 
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1. Introduction 
 

Surface plasmon resonance (SPR) is well known as 

one of the characteristic properties of noble metal 

nanostructure. Besides the morphology and dielectric 

properties of the metal nanostructures themselves, the SPR 

are also dependent on the dielectric environment where the 

metal structures are immersed [1]. Up to now, most of the 

research on the sensitivity of SPR to the dielectric 

environment concentrates on the surface Plasmon (SP) 

resonance frequency and SP dependent spectrum 

enhancement factor [2-5], [6-8]. However, for the SP 

applications in spectrum enhancement, sensors and 

nanowaveguide, other properties of SP, including the SP 

energy distribution, hot spot site, energy confinement and 

propagation length, are also critically important [9-14]. For 

example, compared to the SP resonance frequency, the SP 

enhanced spectrum are more sensitivity relies on hot spot of 

SP energy around the nanostructures [9-12]. The 

performances of various plasmonic waveguide are 

determined by the characteristics of SP field confinement 

and propagation length [13]. In addition, as an SP optical 

cavity, one can quantify the interaction between matter and 

the cavity using the quality factor Q and effective mode 

area Aeff, which depend on the SP energy confinement and 

losses [14]. Recently, the importance of the dielectric 

environment of the metal nanostructure has again attracts 

attentions [15-19]. It is found that careful control of the 

dielectric material properties adjacent to a metal can 

manipulate the SPs propagation in a prescribed 

transformative manner [16]. The dielectric loaded in SP 

waveguide has stronger confinement and less 

edge-scattering losses than that of bare metallic stripe 

waveguide. And this type of SP waveguide can be used for 

the development of active plasmonic components [20-22].  

All of the above phenomena motivate the requirement 

for theory that can describe the factors of SP energy 

distribution, hot spot site, confinement and propagation 

length of metal nanostructures subject to a complex 

external dielectric environment. Silver nanowire, 

supporting both of localized and propagating surface 

plasmons, is one of the promising nanostructures in the 

applications of plamonic waveguide, cavity quantum 

electrodynamics, and spectrum enhancement [23-25]. Here, 

though adopting finite element method, we investigate the 

variations of several important characteristics of SP, e.g. 

field distribution, hot spot site, energy confinement, and 

SP propagation length, upon the change of the refractive 

index of matter close to the silver nanowire, with the goal 

of discovering principles that can predict the properties of 

SP in the actual application.  

 

 

2. Simulation and results 
 

As illustrated in Fig. 1, we consider the physical 

models of a single nanowire and two coupled nanowires 

imbedded in homogeneous and inhomogeneous medium. 

The model of Fig. 1(a) shows a single silver nanowire is 

totally imbedded in a homogeneous medium with refractive 

index n, while the model of Fig. 1(b) consists of single 

silver nanowire placed on glass substrate and covered with 

another material. The models shown in Fig. 1(c) and (d) are 

considering two coupled nanowires with a gap distance d. 

The diameter of silver nanowire in all models described in 

this work is 150 nm. The numerical simulation of SP filed 
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distribution and the related parameters was implemented 

using the commercial software of with the 2D 

electromagnetic wave module. The 

scattering boundary condition was used and the simulated 

region is 10 um*10 um.  A fixed wavelength of 637 nm 

circle light was used. As known, the surface plasmon 

resonance is induced by collective coherent excitations of 

the free finite element method (COMSOL Multiphysics 

4.2a) electrons in silver nanowire under the irradiation of 

light, with a strong local EM field distributing around the 

surface. 

 

 

Fig. 1. The cross-sections of physical models for single 

nanowire and two coupled nanowires. A silver nanowire 

with the diameter D is (a) imbedded in homogeneous 

medium or (b) placed on glass substrate and covered by 

another dielectric material. The refractive index of the 

material is n. The cases of (c) and (d) are two coupled 

silver nanowire with gap distance d. A  circle of l ight is  

                   used in the models. 

 

Besides the local field distribution, the parameters of 

propagation length L and mode area Aeff are also very 

important for SP mode[13, 26]. As it is known, the SP mode 

would propagates harmonically along the nanowire, and the 

propagation length L is governed by the modal loss and is 

defined as the distance where the traveling wave power 

magnitude decays by 1/e， 

 

/ 4 Im( )effL n              (1) 

where the effn  is the effective index of the mode. Another 

important parameter of the effective mode area Aeff can be 

set as the ratio of a mode’s total energy density per unit 

length and its peak energy density, 

 

( ) / max[ ( )]eff

all

A w r ds w r              (2) 

where 
( )w r

 is the energy density. 

 

 

 

2.1. The effect of a homogeneous dielectric  

  environment on the SP energy confinement. 

 

One of the most attractive aspects of a silver nanowire 

is that it can be used as a plamonic waveguide, in which 

they help us to guide and concentrate light in deep 

sub-wavelength confinement beyond the diffraction limit 

[23, 27]. The merits of a SP waveguide can be characterized 

via the concept of propagation length L and light 

confinement ability. In order to investigate the effect of the 

dielectric environment on the energy distribution of SP 

field and the above referred parameters, we first 

numerically simulate the SP local EM field distribution of a 

silver nanowire imbedded in a homogeneous medium, as 

shown in Fig. 2(a). The dependences of the effective index 

neff, mode area Aeff  and propagation length L on n are also 

given in Fig. 2(b)-(d). As clearly observed from Fig. 2(a), 

with the increasing of n, the SP energy covering area 

becomes narrower, resulting in a stronger energy 

confinement. Thus, it indicates that a high dielectric 

environment would support a deeper sub-wavelength light 

confinement. This finding is important for the research of 

highly confinement of light in nanoscale, and particularly 

for the SP nano-waveguide. This result is also statistically 

demonstrated in Fig. 2(b) and (c), which show that the 

effective index neff and the mode area Aeff increases and 

decreases with the refractive index n, respectively. It is 

known that the parameter of Aeff describe the ability of 

energy confinement. Moreover, the smaller of the Aeff  

becomes, the more confined of the SP energy get. As shown 

in Fig. 2(c), the Aeff gets smallest for n=2.2, agreeing with 

the energy distribution profiles in Fig. 2(a). Besides the 

confinement ability, achieving a high propagation length L 

of SP mode is also a key goal for guiding light in SP 

assisted nano-waveguide. As illustrated in Fig. 2(d), it is 

clear indicated that the propagation length L reaches 

maximum and minimum for n=1.45 and 2.2, respectively. 

In fact, such a phenomenon is contributed by the trade-off 

between energy confinement and propagation distance 

[23,27].  

 

 

 

Fig. 2. (a) Field distribution plots for the model in Fig 

1(a). The parameters of (b) effective index neff, (c) 

propagation length L and (d) mode area Aeff of SP modes 

are plotted against  the refractive index n of  the coating  

                        material. 
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Fig. 3. (a) Field distribution plots for the model in Fig 

1(b). The parameters of (b) effective index neff, (c) mode 

area Aeff and (d) propagation length L of SP modes are 

depicted as  a  function  of  the refractive index n of the  

                    covering materials  

 

 

2.2. The effect of inhomogeneous dielectric  

    environment on the SP energy distribution and     

    the position of energy hot spot 

 

In order to investigate the case of inhomogeneous 

dielectric environment, the silver nanowire is placed on 

glass substrate and covered by another material of the 

refractive index n, which is altered from 1.0 to 2.2. Fig. 3(a) 

compares the field distribution plots around the surface of 

silver nanowire for n=1.0, 1.45, 1.8 and 2.2. It can be 

clearly observed that, when n changes to1.45, equal to that 

of the substrate, the distribution of EM field shows uniform 

and rotation symmetry around the nanowire, with a loosely 

confinement. However, as the n is 1.0 or 2.2, which is away 

from that of the substrate, the field distribution becomes 

non-uniform around the nanowire with an obvious energy 

hot spot. Thus the results in Fig 3(a) confirm that whether 

the SP energy distribution is uniform not only relies on the 

metal structure itself, but also on the distribution of the 

surrounding dielectric environment. 

Moreover, Fig. 3(a) also indicates that an 

inhomogeneous dielectric environment would contribute to 

the generation of energy hot spot, and moreover, this 

energy hot spot gets more confined as the refractive index 

gap between the substrate and the upper material is large. 

Besides, another important phenomenon can also be 

revealed in Fig. 3a by comparative study of the cases n=1.0 

and 2.2. For n=1.0, it is evident that most of the SP energy is 

confined in the silver-substrate interface and penetrated into 

the substrate. However, as the n is increased to 2.2, the 

confined energy is gradually extracted from the substrate, 

and finally focused on the top of silver-medium interface. 

This result reveals that the hot spots of SP local field always 

focus on the surface of metal, where the adjacent material 

has largest refractive inde important for the coupling of 

emitter and SP energy, thus the above finding is very useful. 

There is another phenomenon that should be pointed out. 

Compared to that of n=1.0, the case of n=2.2 has a larger 

gap of dielectric distribution, however, the energy 

confinement for n=1.0 is larger. This phenomenon is 

attributed to that the covering area for n=2.2 is larger. 

Furthermore, compared to that of n=1.0, the case of n=2.2 

with the hot site of the energy above the substrate is 

relatively easier for the sufficient use of the SP energy. It 

should be pointed out that to get the exact position of hot 

spot of local field is important for the coupling of emitter 

and SP energy, thus the above finding is very useful. 

Fig. 3(b)-(d) illustrates the parameters of neff, Aeff and L 

versus the refractive index n of the covering material. It 

shows that the neff increases with the refractive index, while 

the parameters of Aeff and L present a turning point as the n 

approaches the refractive index of the substrate. It is evident 

from Fig. 3(c) that the Aeff shows maximum and minimum 

for n=1.45 and n=2.2, respectively, this result is consistent 

with the energy confinement shown in Fig. 3(a). The 

change of L with the n is plotted in Fig. 3(d). It is clear that 

the L first increases from 13 to 21 um as the n increases 

from 1.0 to 1.45, then drops to 7 um for n=2.2. The largest 

propagation length obtained at n=1.45 is expected to be at 

the expense of confinement effect. Therefore, a 

homogenous dielectric environment around the nanowire is 

conductive to the design of SP waveguide with a larger 

propagation length L, while the inhomogeneous case is 

benefit for the energy hot spot. In fact, this finding can 

explain the physical origin of some experimental 

phenomena. For example, the silica-coated silver nanowire 

shows superior propagation length than the bare nanowire 

on substrate [28].  

 

2.3. The effect of the surrounding dielectric  

    environment on the SP coupling between two  

    nanowires 

 

The understanding of the interactions between strongly 

coupled metallic nanostructures has greatly matured in the 

past decade. Owing to the electromagnetics coupling field, 

two coupled nanowires can provide hot spots of EM field, 

light up more SP resonance, and act as an antenna to control 

the radiation direction of nearby molecule [29, 30]. The 

dielectric environment is also supposed to influence the 

electromagnetics coupling field of two nanowires. In this 

work, resonant SP coupling is achieved by placing two 

nanowires in close proximity. We compare the field 

distribution plots of two coupled silver nanowires 

imbedded in different material with n=1.0, 1.45 and 2.2, as 

shown in Fig. 4. The gap separation distance d between the 

two nanowires is set as 25, 50, 75 and 100 nm. With the 

increasing of the n, the coupling effect becomes weaker, 

and this phenomenon is more obvious for a larger distance 

gap. We attribute this phenomenon to the high refractive 

index induced stronger energy confinement. Moreover, in 

detail, from the field profile of d=100 nm, the coupling 

originally existed in the cases of n=1.0 and n=1.45 almost 

disappears in the case of n=2.2. To get a deeper insight of 

the field coupling, Fig. 5 shows the energy densities along 

the centers of two coupled nanowires. From Fig. 5, it is 

clear that the intensity of the energy density on the 

nanowire’s surface for n=2.2 is strongest, however, it 

decreases with a sharpest rapid along the gap-center. As a 

result, at the gap-center for n=2.2 and d=100 nm, the 

energy becomes smallest with no coupling. The energy of 
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hot spot for n=1.1 is almost 4 times as large as that of 

n=2.2. Therefore, both Fig. 4 and Fig. 5 account for that the 

dielectric environment affects the maximum coupling 

distance, and a high refractive index would result in a short 

maximum coupling distance. 

 

 

 

Fig. 4. Field distribution plots of two coupled silver 

nanowires totally imbedded in different medium with 

refractive index n. The parameter d is the distance of the  

       gap separation between the two nanowires. 

 

 

 
 

Fig. 5. (a)-(d) are the calculated energy densities along 

the centers of two coupled nanowires shown in Fig. 4 with 

different gap distances of 25, 50, 75 and 100 nm, 

respectively. The center between the two nanowires is set  

                 as 0 nm of the x axis. 

 

As illustrated in Fig. 6, we also investigate the case for 

the two coupled silver nanowires in an inhomogeneous 

dielectric environment. The obtained most important result 

is that the original hot energy site in the gap of the two 

nanowires, is challenged by the energy-pull of the 

dielectric material with high refractive. For example, for 

the case of n=1.0, the SP coupling for d=25 nm between 

the two nanowires dominates over the energy-pull of the 

glass substrate (n=1.45). However, as the gap distance d is 

larger than 50 nm, the hot energy pulled by the substrate 

gradually becomes dominant. As the d further increases to 

75 and 100 nm, the SP coupling almost thoroughly 

disappears. For n=2.2 and d=100 nm, because of the hot 

energy pulled by the covering material, the hot site is not 

in the center between the two nanowires. Nevertheless, in 

the case of the homogeneous dielectric environment 

shown in Fig.4, the SP coupling is still present for d=75 

and 100 nm. Therefore, it confirms that the dielectric 

environment around the nanowire also affects the SP 

coupling distance. 

 

Fig. 6. Field distribution plots of two coupled silver 

nanowire on glass substrate. The parameter of n is the 

refractive index of the covering material on nanowires. 

 

3. Conclusion 
 

In conclusion, we study the variation of several SP 

characteristics, e.g. energy confinement, hot energy site, 

propagation and coupling of silver nanowire, upon the 

change of the surrounding dielectric environment. The 

results show that the uniformity of the field around the 

nanowire is dependent on the homogeneous feature of the 

surrounding dielectric environment. For a homogeneous 

dielectric environment, the SP energy exhibits rotation 

symmetry, and the properties of energy confinement and 

propagation length depend on the value of the refractive 

index of dielectric material. For an inhomogeneous 

dielectric environment, hot energy spots are brought and 

focused near the material with larger refractive index. The 

simulation results of two coupled nanowires demonstrate 

that both the distribution and the refractive index of the 

surrounding dielectric material affect the SP coupling 

distance. 
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