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Abstract—We investigate the plasmonic properties of 

selfsimilar linear cluster of silver nanowires and compare the 
obtained results with the characteristics of standard (or identical) 
coupled nanowires. We came to the conclusion that such a 
structural complexity of cluster is able to provide significant 
increase in the concentration of the local field in the gap between 
the smallest nanowires. Optimized forms of clusters with 
narrowband and high-intensity plasmonic resonances are 
revealed. 
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I.  INTRODUCTION 

Currently plasmonic properties of metal nanowires are a hot 
topic in the field of nanoplasmonics [1]. Localized surface 
plasmons (SPs) appear due to the collective oscillations of 
conduction electrons excited by the external electromagnetic 
field at the boundary between the metal and the dielectric 
environment. Typically the metals that demonstrate such 
plasmonic property are silver [2], gold [3], platinum [4], and 
others.  

Their plasmonic resonances are extremely dependent on the 
wavelength of the excitation and cause the spatially 
concentrated enhancement of field. These localized confined 
domains are called hot spots. Localized and delocalized SPs 
have a large field of applications (e.g. nanobiosensors [5, 6], 
nanolasers [2,7], nanoantennas [8], and spectroscopy [9]). Hot 
spots were investigated near superconducting current-carrying 
nanowires [10], twisted nanowire plasmonic oscillators [11], 
and silver nanowire dimers [12]. Properties of SPs are very 
sensitive to changes in surrounding dielectric environment [13, 
14] and this opens a possibility for optical sensing applications 
[15].  

There is increasing interest to using the plasmon properties 
of silver nanoparticles in various sensors and other nanodevices 
[16]. Silver nanoobjects are very efficient at absorbing and 
scattering the light and, in contrast to many colorants, have a 
color (i.e. the SP resonance wavelength) that depends on the 
shape and, to lesser extent, on the size of the nanoparticle.  

Important problem of nanoplasmonics is the creation of 
devices that can concentrate optical field in nanometer domain. 
Typical lenses can focus the field only in a spot of the order of 
the wavelength. In the gaps between nanoobjects and in 

antisymmetric plasmonic nanoshells it is possible to increase 
the local concentration of field by a factor of 10-100. 

For greater concentration of optical fields, some groups had 
proposed to investigate selfsimilar clusters consisting of silver 
nanospheres [17]. This allowed scientists to create effective 
nanolenses demonstrating hot spots with giant field 
enhancements. Other groups used selfsimilar gold nanoparticle 
for a cascaded enhancement of the field [18]. In paper [19], 
researchers studied the local field enhancement properties of 
self-similar nanolenses and their results were comparable with 
the performance of standard dimer nanoantennas. 

II. STATEMENT OF THE PROBLEM AND METHOD OF SOLUTION  

From the fundamental and practical aspects, the interest 
and importance of the plasmonic properties of nanoobject 
clusters are due to the fact that in clusters, in contrast to 
individual nanoobjects, there are at least two dimension 
parameters: the size of nanoobjects and the separation 
distances between them. As we know from papers [14, 20], the 
plasmon properties of isolated nanoobject are complicated. It 
is natural to expect that the properties of plasmon oscillations 
in nanoclusters will be even more complicated. This raises the 
question of how plasmon properties of a cluster of two or 
more nanoobjects are related to plasmon properties of an 
isolated nanoelement. 

 

 
 

Fig. 1. Schematic  view of the investigated structure: a finite linear cluster of 
N  selfsimilar nanowires. 

In our paper, we consider a finite linear cluster of several 
silver nanowires with progressively decreasing (or increasing) 
radii and separation distances between them (see schematic 
view of the cross-section geometry in Fig. 1). In computations, 
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we assume that the radius of each nanowire is 1 2, ,..., na a a  and 

the separation distance between them is 1 2 1, ,..., nd d d − . The 

metal refractive index 2n  is interpolated from the original 
optical data for silver of [21]. We also assume that our 
structure is embedded into medium with index of refraction 

1 1n =  and that the time dependence is i te ω+ . 
For analytical-numerical study of the scattering of light by 

the explained cluster of circular nanowires, we use the method 
of [22-26] noting that in our case the values of wire radii and 
distances between them are not the same. Still the main idea of 
research is to reduce the wave-diffraction problem to an 
infinite system of algebraic equations that can be solved with 
controlled accuracy. To characterize the fields, we introduce 
local polar coordinates with origins on the each wire axes. 
Then the solution is sought in the form of Fourier series,  
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Here 1
1 mk n cω −= ⋅⋅ , 1

2m mk n cω −= ⋅⋅ , (1,..., )m N= , c  is 

light velocity in vacuum, N  is the number of nanowires in a 
linear cluster, global polar coordinates ( , )ρ ϕ  are associated 

with  the Cartesian system ( , )x y . Equation (1) represents the 
field inside the m -th nanowire and equation (2) corresponds to 
the external scattered field. 

The unknown coefficients sA   and sA   are calculated from 
the boundary conditions, which require the continuity of the 
tangential components of the total electric and magnetic fields 
at each surface. Applying the addition theorem for the Bessel 
functions, we derive an infinite system of algebraic equations 
that is cast to the Fredholm second-kind form and hence can 
be truncated to provide a controlled numerical accuracy. 

III. ANALYSIS AND RESULTS 

Figure 2 presents the spectra of the scattering cross section 
(SCS) of a linear cluster of three selfsimilar (red line) and 
identical (blue line) silver nanowires. Direction of incidence of 
a plane wave is shown in the inset. Shift of peak resonance for 
the illumination (a) is observable from 344 nm (standard 
nanowires) to 353 nm (selfsimilar nanowires) and for the 
illumination (b) from 346 nm (standard nanowires) to 362 nm 
(selfsimilar nanowires). We see that the selfsimilar and 
standard nanowires display far-field enhancements of the same 
order of magnitude, however the wires with decreasing radii 
show slightly more intensive and red shifted resonance at about 
360 nm. The shift in the resonance wavelength reaches a 
maximum when the separation distance between the nanowires 
is approximately equal to the wavelength. The concentrated 
field near the largest nanowire is enhanced. The local field of 
this nanowire excites the following nanowire.  

For this smallest nanowire the contribution of excitation 
from the exciting field is negligible if compared to the 
excitation induced by the first bigger nanowire. 

 

 
Fig. 2. SCS for a linear cluster consisting from three silver identical (blue line) 
or selfsimilar (red line) nanowires with separated distance between them 

1 2 350d d= =  nm. For standard cluster radii are 1 2 3 35a a a= = =  nm and for 

selfsimilar nanowires radii are 1 35a =  nm, 2 30a =  nm and 3 25a =  nm. The 

direction of the plane wave is shown in the inset. 

 

Figure 3 shows the SCS for three selfsimilar silver 
nanowires with different radii and the same separation 
distances, 1 2 350d d= =  nm. We investigate nanowires with 

the radii 1 60a =  nm, 2 30a =  nm, 3 15a =  nm (blue line) or 

1 35a =  nm, 2 25a =  nm, 3 15a =  nm (black line) or 

1 35a =  nm, 2 30a =  nm, 3 25a =  nm (red line).  

The decrease in the radius of nanowires is twice or by 10 
nm or by 5 nm, respectively. We see that with increasing of 
change in radius of silver nanowires the amplitude of field 
increases. Nanowires with increase of change values for radius 
illustrate red shifted plasmonic resonance from 353 nm (red 
line) to 379 nm (blue line). 
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Fig. 3. SCS for three selfsimilar silver nanowires of a linear cluster with 
separated distance between them 1 2 350d d= =  nm and different radii: 1) for 

red line - 1 35a =  nm, 2 30a =  nm, 3 25a =  nm; 2) for black line - 

1 35a =  nm, 2 25a =  nm, 3 15a =  nm; 3) for blue line - 1 60a =  nm, 

2 30a =  nm, 3 15a =  nm.  

 
Fig. 4. SCS for three selfsimilar silver nanowires of a linear cluster with radii 

1 35a =  nm, 2 30a =  nm, 3 25a =  nm and different values of separation 

distance between nanowires: 1) for red line - 1 2 350d d= =  nm; 2) for black 

line -  1 2 150d d= =  nm; 3) for blue line - 1 2 50d d= =  nm.  

 

Fig. 4 illustrates the SCS for three selfsimilar silver 
nanowires with different separation distances and for radii 

1 35a = nm, 2 30a = nm, 3 25a = nm. We investigate the 

following values for separation: 1 2 50d d= = nm (blue line) or  

1 2 150d d= =  nm (black line) or 1 2 350d d= = nm (red line). 
We see that with decreasing of separation distance between 
the selfsimilar silver nanowires the intensity of the plasmon 
resonance decreases. A cluster of selfsimilar nanowires of the 
same radius with increase of distance between them 
demonstrate blue shifted plasmon resonance from 384 nm 
(blue line) to 353 nm (red line). 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 5. The distribution of magnetic near-field for silver selfsimilar nanowires 
of a linear cluster for separation distance 1,..., 1 5nd − =  nm ( 1 1n = ): (а) 25a =  

nm, 344λ = nm, (b) 1 2 3 25a a a= = =  nm, 340.5λ = nm, (c) 1 25a =  nm, 

2 20a =  nm, 3 15a =  nm, 342λ = nm, (d) 1 4 25a a= =  nm, 2 3 20a a= =  

nm, 343.5λ = nm.  

Localized SPs of a linear cluster of silver nanowires are 
the symmetric and antisymmetric forms of SPs of isolated 
nanowire. In the gap between two nanowires, it is possible to 
achieve spatially concentrated enhancement of field (hot spot). 
Fig. 5 shows the magnetic near-field pattern for three and four 
silver nanowires of a linear cluster with separation distance 5 
nm. Fig. 5(a) presents the field pattern for an individual silver 
nanowire. We see that with increasing of silver nanowires 
number the concentration of the enhancement of field in the 
gap increases, and the maximal enhancement of these fields is 
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very sensitive to the form of investigated structure. In each 
case, we computed the pattern in SP resonance. The maximum 
of enhancement of local field between several standard 
(identical) nanowires was presented in [1] (see Fig. 5(b)).  

The effect of smaller radius of nanowires is illustrated in 
Fig. 5(c). For this case, the maximum of field amplitude in the 
hot spot for selfsimilar nanowires is approximately 300 times 
larger than for isolated nanowire. We have also investigated 
centrally symmetric linear cluster of selfsimilar nanowires (see 
Fig. 5(d)). For this case, the hot spot appears in the gap 
between the smallest nanowires. In this figure it is clearly seen 
that between of the smallest nanowires the local field increases 
more than 317 times larger than for single wire. 

Selfsimilarity is not a necessary condition for focusing and 
concentration of the field in the nanoscale domain, but it leads 
to a special effective formulation of the problem and its 
solution. In clusters of two or more selfsimilar nanowires 
plasmon resonances fields have complicated structure. In this 
case, plasmon fields strongly localized in the gaps do not 
actually feel the presence of other nanowires and therefore can 
exist almost independently in any structures. As a result all 
other plasmon fields lead to the excitation of the full cluster. At 
the initial time the excited field of single nanowire due to 
interactions will affect neighboring wires and field will spread 
throughout the cluster. That is the cluster will become a 
plasmon waveguide. 

IV. CONCLUSIONS 

The plasmonic properties of a selfsimilar linear cluster of 
silver nanowires have been investigated. Obtained 
characteristics have been compared with the results for 
identical silver nanowires. Selfsimilarity of nanowires leads to 
increased focusing and concentration of the field in the gaps 
between them. The effect of decreasing the radii of nanowires 
is maximal for centrally symmetric linear cluster of selfsimilar 
nanowires. The sensitivity of the field spectrum for silver 
selfsimilar cluster to changes of the radii of nanowires and the 
separation distances between them has been shown. 
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