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Abstract 
 
Negative refraction performance of Au nanowires arrays-based metamaterials was explored by means of fi-
nite difference and time domain (FDTD) algorithm for the purpose of providing flexible design freedom of 
the negative index metamaterials (NIMs) working in visible regime from nanofabrication point of view. 
Tuning performance of the nanowires for negative refraction was analyzed by use of varying refractive index 
of filling materials among the metallic nanowires. Computational numerical simulation and analyses were 
carried out. The performance of negative refraction was compared by optimization of the structures. By op-
timizing the nanowires radius, E-field intensity was calculated in the case that the refractive index of filling 
material is changeable. The calculated refraction angles illustrate a relationship between the refraction angle 
and the index of filling material. Our computational results demonstrate that effective value of the negative 
refractive index strongly depends on the refractive index of the filling material when other parameters are 
fixed. 
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1. Introduction 
 
Sub-diffraction imaging has attracted numerous interests 
in the scientific community, and in recent years there has 
been much interest in the propagation of electromagnetic 
waves in artificial materials, particularly in the materials 
with a negative index of refraction [1-4]. Negative re-
fraction is a fantastical phenomenon that is demonstrated 
interaction between light and matter. The corresponding 
negative refraction materials have become hot spot for 
researchers in many areas such as physics, materials sci-
ence, and electronic science. Negative refraction materi-
als are special materials that dielectric constant  and 
magnetic permeability  are simultaneously negative, 
and refractive index is less than zero, which are also 
known as ‘left-hand’ materials or both negative materials. 
Therefore, the negative refractive index materials are 
appealing for researchers in comparison to conventional 
materials. It prompts the booming research in nano-op- 

tics and nanophotonics. Many physical phenomena such 
as beyond diffraction limit and the tentative idea of ul-
tra-small nano-optical devices appear because of many 
interesting physical phenomena on surface plasmon po-
laritons (SPPs). A typical example is artificial nanos-
tructure-based negative refraction. The idea of negative 
refraction appeared quite early. Negative refraction and 
backward propagation of waves were described by 
Mandelshtam, and which was published in his textbook 
in 1944 [5]. He described backward-wave transmission 
lines in 1951 [6]. Then Russian scientist Veselago pre-
sented the phenomenon of negative refraction theoreti-
cally in 1968 [1]. He demonstrated the phenomenon in 
metamaterials-based structures and photonic band gap 
materials [7-9]. British scientist Pendry proposed a flat 
refractive index is –1 in 1998 [10], which can be used as 
a lens material to achieve a perfect imaging and can 
magnify the potential evanescent wave making the size 
of image breaking the optical diffraction limit. Elefthe-
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riades described planar ‘left handed’ isotropic media 
with perpendicular polarization of electric field firstly 
[11]. A double interface transmission line lens was theo-
retically described in [12] and its design and testing re-
sults were presented in 2005 [13]. Smith synthesized 
negative refractive material firstly in 2000 [14], and 
demonstrated an artificial negative refractive material 
through experiments. After that, a Snell’s law experiment 
was performed on a wedge-shaped metamaterial which 
was designed to have a negative refractive index at mi-
crowave frequencies in 2001 [15]. However, the main 
problem with all of the early works was that these ideas 
remained only a scientific curiosity due to the techno- 
logical limitation. Nevertheless, with mature of mi-
cro-fabrication and nanofabrication, new possibilities 
opened for practical implementation of different meta-
materials. And the field became intensely studied by 
many research teams. A first negative index metamateri-
als (NIMs) working in visible regime was reported by 
Zhang et al. in 2008 [16]. It was fabricated using porous 
alumina template approach. However, structural pa-
rameters of the Ag/Al2O3-based nanowires are fixed due 
to the inherent diameter of the porous alumina template 
naturally formed by means of wet chemical etching. It 
means that the structure cannot be designed theoretically 
in advance. In other words, there is no design freedom 
for their reported Ag nanowires structures. Reference [17] 
assessed the possibility of near-field subwavelength im-
aging at infrared frequencies using an array of thin silver 
rods. And in Ref. [18], the authors proposed a nonlocal 
permittivity model to describe the electrodynamics of 
plasmonic rods.  

In Reference [19], Kawata et al. demonstrated the pos-
sibility of using metallic nanorods to achieve sub- dif-
fraction resolution in the optical domain on the basis of 
excitation and propagation of surface plasmon polartions 
(SPPs). Fortunately, current nanofabrication techniques 
such as e-beam writing and focused ion beam direct 
milling (FIBM) can be used to produce the regular and 
size controllable structures which may be used as NIMs. 
Considering this, we studied characteristics of Au 
nanowires array-based NIMs with tunable geometrical 
parameters which have good manufacturability for 
e-beam or FIBM for the purpose of providing flexible 
design freedom of the NIMs working in visible regime. 
In practice, the metallic nanowires array cannot be sus-
pended in air. A filling material among the wires is req-
uisite in real applications. On the other hand, in nanofab-
rication point of view, filling material of the nanowires 
array is also a crucial issue to influence the nanowires on 
both manufacturability and performance of negative re-
fraction. Considering this, we carried out the study of 
influence of tuning filling material index on performance 

of negative refraction. The nanowires array is formed by 
ideally conducting wires with a regular lattice and small 
radii compared to the lattice periods and the wavelength.  

In this paper, we investigated characteristics of the Au 
nanowires arrays which can realize negative refraction, 
and its refractive index changes with variation of the 
filling material. In order to obtain the trend of refraction 
angle vs. the index of filling material, the electric field 
intensity distribution at the same location of the image 
plane and the refraction angle were calculated. We ana-
lyzed and compared the electric field intensity distribu-
tion for different periodic structures. From the analyses 
results, we concluded that the intensity of the negative 
refraction using the NIMs when fill material among 
wires strongly depends on the relationship with the fill-
ing material. 
 
2. Numerical Simulation Setup 
 
Schematic diagram of the structure of nanowires array is 
shown as Figure 1. The thickness of the slab is Z, and 
the whole medium is air in addition to among the Au 
nanowires is PC (polycarbonate). We applied Finite dif-
ference and time domain (FDTD) algorithm for the 
theoretical calculation and analyses. FDTD algorithm is 
a commonly used approach in computational electro-
magnetic fields. It has extensive applications because of  
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Figure 1. (a) Schematic diagram of nanowires array com-
posed of many metal wires, the material is Au. Among the 
nanowires is the filling material PC (polycarbonate). (b) 
wire radius and the index of filling material varies for the 
periodic structures. The incident angle of plane wave is 30˚, 

ave area in X direction is 1 m, and wavelength is 633 nm. w    
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Figure 2. E-field intensity distribution along X-Z plane for periodic structure, incident wave is 633 nm, the index of filling 
material is 1.05, period a is 0.07 m , Z = 3 m radius r is (a) 0.015 m, (b) 0.018 m, (c) 0.02 m, (d) 0.025 m, (e) 0.028 m, 
and (f) 0.03 m respectively.  
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Figure 3. E-field intensity distribution along X-Z plane for periodic structure, incident wave is 633 nm, Z = 1 m, radius r is 
0.025 nm, and period a is 0.07nm, the index of filling material is  (a) n =0, (b) n =1, (c) n =1.05, (d) n =1.1, (e) n =1.15, (f) n 
=1.2, (g) n =1.25, (h) n =1.3, (i) n =1.35, (j) n =1.4, (k) n =1.45, (l) n =1.5 respectively. Every approximate refractive angle is 
hown also. s   
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its advantages such as easily understanding, direct time- 
domain calculation, saving memory space and computa-
tion time, and broad applicability [20]. Three factors 
were considered in the calculation: incident wavelength 
, wire radius r, the index of filling material n and period 
a. Material of the nanowires is Au, and incident wave-
length is 633 nm. In nanofabrication point of view, ra-
dius r used for the calculation is 0.015 m, 0.018 m, 
0.02 m, 0.025 m, and 0.03 m respectively. Period a 
is 0.07 m. Length Z is ranging from 1 m, 1.5m and 3 
m. Incident plane wave is linear x-polarization with 
assumed amplitude of 1 and incident angle of 30˚. In our 
three-dimensional (3D) simulation, time and mesh size 
were set as 500 fs, Δx = 6 nm, and Δy = 6 nm respect- 
tively for the periodic structures. Then we simulated the 
following structures respectively in the sections below. 

Table 1. Incident angle  = 30˚, refraction angle   vs. the 
index of filling material n for the periodic structures. 

n 0 1 1.05 1.1 1.15 1.2 

 (˚) −12.9 −13.6 −14.6 −15.8 −33.4 −36.4

n 1.25 1.3 1.35 1.4 1.45 1.5 

 (˚) −45.8 −46.5 −47.8 −48.3 −48.7 −51.2
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3. Results and Discussions 
 
We discussed characteristics of negative refraction with 
the index of filling material changing for the same NIMs 
structures shown in Figure 1 from the visual map.  

Figure 2 shows the E-field intensity distribution in 
X-Z plane when r is changeable. Wavelength and posi-
tion of incident plane wave is 633 nm, and Z = 3 m, 
respectively. From the color bar we obtain that transmis-
sion intensity is different. It can be seen from the figures 
that transmission intensity for the case of r = 0.025 m is 
stronger than the others. Therefore, we can choose the 
parameters r = 0.025 m, a = 0.07 m as the optimized 
case. From the above results we can know that choosing 
Z = 1 m is better. Figure 3 is calculated intensity vs. 
the index of filling material in the case of r = 0.025 m, 
a = 0.07 m, and Z = 1 m. As can be seen that the in-
tensity of among nanowires decreases with increasing of 
index of filling material, but the intensity of beyond 
nanowires decreases with increasing of the index of fill-
ing material when index is below 1.10, when index n is 
above 1.10 the intensity increases . It can be seen from 
Table 1 that refraction angle  decreases with index n 
(the index of filling material) increasing. The negative 
refraction index increases accordingly. It can be explained  

Figure 4. E-field intensity distribution along X axis for pe-
riodic structure, incident plane wave is 633 nm, radius r is 
0.025nm, and period a is 0.07 nm y = 0, Z = 1 m, the index 
of filling material is (a) n = 0, (b) n = 1, (c) n = 1.05, (d) n = 
1.1, (f) n = 1.2, (h) n = 1.3, (j) n = 1.4, (k) n = 1.4, and (m) n 
= 1.5 respectively. 
 

 using the formula 
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Figure 5. The angle of negative refraction as function of the 
index of filling material n.  speed in vacuum, and p is the plasma frequency which 

decreases with increasing a [21]. Thus we know from equa-   
length Z = 1 m. It can be seen that when the index of 
filling material changes the intensity and refraction area 
change also. In the case of n = 1.10 (marked with circle 
A with dot line in Figure 5), intensity reaches maximum. 
Namely, the derived effective refractive index n0 is tun-
able in various n (the index of filling material). It is at-
tractive for both design and nanofabrication issues. 

tion 
2
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   that effective n will increase, and   

increases accordingly. 
Figures 4 and 5 show the E-field intensity profiles 

along X-axis. The structure parameter is the same as that 
of shown in Figure 3. And the wire position is y = 0,  
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4. Conclusions 
 
We have illustrated the optical properties of Au nano- 
wires array by means of a rigorous computational nu-
merical calculation to analyze the negative refraction and 
transmission properties in my last paper. The analytical 
results show that the refraction and transmission proper-
ties have close relationship. Both of them depend on the 
structure parameters when the nanowires width is enough 
big, there is phenomenon of positive refraction. From the 
above analysis we can obtain that when the index of fill-
ing material n is above 1.10, the transmission intensity of 
negative refraction and positive refraction decreases with 
the index increasing. 
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