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Abstract 

The enlarged omni-directional reflection band gap (ODRBG) of a semi-infinite single layer 

of negative index material (NIM) has been investigated. We know that the effective 

refractive index of the NIM depends on electric permittivity and magnetic permeability. 

The zero refractive index of the NIM is a phenomenal behavior for the plasma frequency 

of the material. We have calculated the optical properties of the considered material with 

varying the magnetic plasma frequency. The reflectance of the single layer for TE and TM 

modes is obtained 100% omni-directional reflection band gap (ODRBG) when the 

refractive index of the NIM is zero. The enlarged ODRBG is found when the magnetic 

plasma frequency increases. 

Keywords: Semi-infinite single layer material, negative index material, zero-refractive 

index, omni-directional reflection band. 

 

1. Introduction 

The optical properties of the periodic structure are studied at nano-scale for various 

optical applications, known as photonic crystal (PC). The periodic nano patterns of the 

photonic crystals have the photonic band gap, which is analogous to the electronic 

band gap in semiconductors. Such photonic crystal may be existed negative refractive 

index that is called metamaterials or negative index material (NIM). In 1968, first time 

Veselago[1] proposed a new material that has negative permittivity (-ε) and the negative 

permeability (-µ) simultaneously at certain frequency, which has a peculiar and 

unusual medium due to negative refractive index and also called left-handed material. 

 

Advances in Physical Science Research 
 

 

The Sapience 

pISSN: 2321 – 9742 



Khem B. Thapa et al., Vol. 4, No. 2, pp. 18-27, 2014 

Proceedings of AMSP 2014 

19 

 

Experimentally, it has been observed that the value of negative permittivity (-ε) and 

negative permeability (-µ) of the NIM are dependent upon the incident frequency and 

the plasma frequency of the material [2, 3]. Other kind of materials are also reported 

which have either negative permittivity (-ε) with permeability (µ) constant or negative 

permeability (-µ) with permittivity (ε) constant, called the single-negative (SNG) 

material. The possible materials of SNG are: (i) ε<0 (ENG) and µ>0 (ii) ε>0 and µ<0 

(MNG). The single negative materials have a unique properties compared with the 

double negative materials of the NIM. We know that the photonic crystals (PCs) are 

the artificial materials with periodic modulation of the dielectric constants. The photonic 

band-gap structures are dependent upon the symmetry, dielectric constant of material, and 

the scale length of crystal lattice of the PCs. The band structure can also be changed with 

the ε andµ of the materials, because the refractive index is related with ε andµ,

μεn2  [4]. 

The transmission properties of photonic crystals consisting of µ-negative material (MNG) 

and positive-index material (PIM) have shown the transmission band inside a single-

negative gap. The width of the transmission band is only dependent on the thickness of the 

MNG layers. The tunneling mode is localized strongly inside the PIM layers with the 

increasing in the thickness of the µ-negative layers. The transmittance can be increased by 

decreasing the thickness of the MNG layers [5]. The heterostructure photonic structure, 

composed with two different PCs, can be used as a tunable zero-phase-shift for omni-

directional filter. By simply adjusting the thickness of the defect layer of air, the 

adjustability of the tunneling mode can be achieved. The omni-directional tunneling modes 

in the heterostructure photonic structure consisting of layered single-negative materials and 

one layer of defect has been discussed by Tong [6]. The two kinds of photonic crystals with 

single-negative materials have observed for zero-effective phase gap as well as angular gap. 

The zero-effective phase gap is invariant with the incident angle and lattice scaling for 

different polarizations. The gap of the structure can be adjusted by varying the ratio of 

thicknesses of the two single negative materials. The angular gap is highly dependent on the 

incident angle and polarization, but it is insensitive to the ratio between thickness of the two 

single negative materials and lattice scale length [7]. The propagation of light waves in one-

dimensional photonic crystals (1DPCs) composed of alternating layers of two kinds of 

single-negative materials have shown that the phase velocity is found negative when the 
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frequency of the light wave is smaller than the certain critical frequency ωcr [8].  

The thickness-dependent photonic band gap for a one-dimensional photonic crystal 

consisting of two different single-negative (SNG) materials studied theoretically by Yeh and 

Wu [9]. The two SNG materials are considered with the single-negative permittivity (ε<0, 

µ>0) and the single-negative permeability (ε>0, µ<0). The considered structures have 

calculated the size of the band gap and the positions of the band edges which are strongly 

dependent on the thickness ratio of the two constituent SNG layers. By using the composite 

right/left-hand transmission line model, the shifting behavior of band gap  has qualitatively 

explained due to the variation of the thickness.  

The transverse-electric (TE) wave propagation through lossless tri-layer stacks containing 

single-negative (SNG) materials i.e. negatively permittivity (ε) or negatively permeability 

(µ), has analyzed by considering the following combinations: ENG/MNG/ENG, 

ENG/DPS/MNG, DPS/ENG/DPS, and ENG/DPS/ENG, where ENG refers to epsilon-

negative, MNG to mu-negative, and DPS to double-positive media [10]. The reflection 

phase difference between TE and TM waves in the one-dimensional photonic crystals 

composed of single-negative (SNG) materials have been observed the two omni-directional 

gaps where the reflection phase difference is changed smoothly and increased with the 

increasing of the incident angles [11].  

Castaldi et al. [12] have shown that resonant tunneling of electromagnetic fields can be 

occurred through a three-layer structure composed of the single-negative(i.e., either 

negative permittivity or negative permeability) slab paired with a bilayer made of double-

positive(i.e., positive permittivity and permeability) media. The study results is 

demonstrated that the counter intuitive tunneling phenomenon is also the possibility of 

synthesizing double-positive slabs which is effectively exhibited single-negative-like wave-

impedance properties within a moderately wide frequency range. The band structure and 

band gaps of the one-dimensional Fibonacci quasi crystals composed of epsilon-negative 

materials and mu-negative materials are also studied and shown an omni-directional band 

gap (OBG). In contrast to the Bragg gaps, such the OBG is found insensitive to the incident 

angles and the polarizations of light. The width and location of the OBG is ceased with 

increasing Fibonacci order, but varied with the thickness ratio of both components. The 

OBG is closed when the thickness ratio is equal to the golden ratio [13].  

The enlarged band gap can be obtained when the high ε and the large thickness of MNG 

as well as the high µ and the ENG with small thickness of ENG are considered. The 
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study of the transmittance shown that the tunneling property of electromagnetic 

wave is existed due to presence of zero-ε and zero-µ. By choosing proper 

thicknesses of the structure and angles of incidence, the large omni-directional band 

gap can be achieved which can use as a filter [14, 15]. 

The SNG has unique properties compared to double negative materials but the zero-

refractive index play important role for omnidirectional reflection band. For negative 

refractive index, the plasma frequencies always consider larger value than the incident 

frequency of wave. We have calculated optical density and reflectance characteristics of 

single composite layer of negative index material by changing magnetic plasma 

frequency. The magnetic plasma frequency of NIM is affected the zero-refractive 

index because large plasma frequency is changed large value of the zero refractive 

index. The large value of the zero refractive index of NIM is responsible for enlarged 

omnidirectional reflection band gap in single composite layer of negative index 

material.  

2. Methodology and Physical Model 

According to Maxwell’s equations of the electromagnetic theory, the square of the 

refractive index of the material is equal to the product of electric permittivity (ε) and 

magnetic permeability (µ) of the material. So refractive index is written as, 

μεn2          (1) 

Where ε and µ are the electric permittivity and magnetic permeability respectively. For 

calculation of the optical density and reflection of the single composite layer of NIM, we 

have taken ε    
    

     
  

       
      

 and      
    

     
  

       
      

 where  ep=electric plasma 

frequency,  mp=magnetic plasma frequency,  e0=natural electric frequency,  m0=natural 

magnetic frequency,  =attenuation and  =incident frequency of the wave [15]. 

To calculate optical density, transmittance and reflectance of the single composite layer with 

negative index material, we consider a single composite layer material of NIM with thickness 

d which is sand witched between two semi-infinite dielectric media like air and substrate. The 

refractive index distribution along x-axis is given as below 

n(x)= 

          

              
                

     (2) 
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The electromagnetic wave is incident in the x-y plane, so the plane wave equation for the 

electric field is defined by E(x,t) = E(x)exp[i( t-β)], where β is the y-component of the 

propagation wave vector. By considering the plane wave incident from the left side, the 

electric field for the three regions is given as; 

E(x)= 

                          

                            

                           

    (3) 

where A,B,C,D and F are constants and kair, kNIM, and ksub are the x-components of wave 

vector in n0, nNIM, nsub respectively. The wave vector kix is defined as kix=  
   

 
 
      

        = 

   

 
     , where i=0, NIM, sub; and θi is the ray angle measured from x-axis. The magnetic 

field of the corresponding electric field is defined by; 

      
 

  
         (4) 

By applying boundary conditions on the tangential component of electric field (TE-mode) 

and the tangential component of magnetic field (TM-mode), we are considered that there is 

no coupling between these components in the whole medium. The boundary condition at x=0 

and x=d is applied in equations (3-4) and we can obtain the transmission coefficient [16, 17]; 

t=F/A=
          

        

                          
                       

         

                      
 

 or t=
       

        

          
          

 (5) 

Similarly, the reflection coefficient is given as; 

r= B/A =
                                               

           

                         
                                 

 or r=
        

         

         
         

 (6) 

We have used equation (1) to calculate optical density of the single composite NIM and 

equation (6) is used to calculate the reflectance of the considered structure. 

3. Results and Discussion 

The single composite layer of the negative index materials (NIM) has the electric 

permittivity (ε) and the magnetic permeability (µ) and these parameters are related with the 

plasma frequency, incident frequency and attenuation which is given as; 

 ε    
    

     
  

       
      

 and     
    

     
  

       
      

     (7) 

where  ep=8.0425×10
10

 rad/sec.,  mp=6.8801×10
10

rad/sec.,  e0=6.4717×10
10

rad/sec., 

 m0=6.3146×10
10
rad./sec. and  =6283.2×10

10
rad/sec. The incidence frequency range is 

considered from 6×10
10

rad/sec. to 18×10
10

rad/sec. and refractive indices of air and substrate 
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are unity i.e. n=1 [15]. Now putting the values of the electric permittivity (ε) and magnetic 

permeability (µ) in equation (1), we obtained the optical density of the NIM as shown in 

Fig. 1. The blue line shows the refractive index of the NIM and green line shows the 

extinction coefficient of the NIM. The optical density (n) has obtained three parts of the 

frequency range. The negative value of refractive index (n) is found when below the 

 =7.1×10
10

rad/sec. and positive refractive index (n) is found when above 

 =8.0×10
10

rad./sec. But the zero-refractive index is observed when the frequency range lies 

between  =7.1×10
10

rad./sec. to 8.0×10
10

rad./sec.  

 

Figure 1: Optical density (n) and extinction coefficient (K) of the NIM 
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Figure 2: Optical density (n) and extinction coefficient (K) of the NIM when plasma 

frequency is double. 

 

The extinction coefficient of the NIM is very high for negative-n and nearly zero value for 

positive-n. For the zero-refractive index has shown for some amount of the extinction 

coefficient which shows absorption in this region. We have studied that the magnetic 

plasma frequency of the NIM affects the zero-refractive index compare to electric plasma 

frequency. So we increase the magnetic plasma frequency double times of the considered 

 mp i.e. 13.7602×10
10

rad./sec. which is double of the previous calculation, then we obtain a 

large zero refractive index of frequency range from 8.1×10
10

rad./sec. to 14×10
10

rad./sec. as 

shown in the Fig. 2.  

In literature survey we have been studied that the zero refractive index of the NIM has 

independent upon the polarizations and have 100% reflectance for the TE and TM modes. 

So we have calculated the reflectance and the transmittance of the NIM for TE and TM 

modes versus frequency with varying incidence angles using equation (6) which is shown 

Fig. 3(a) for TE mode and Fig. 3(b) for TM mode. The 100% reflectance of the single 

composite layer of the NIM for both modes is obtained at the same frequency range where 

the refractive index obtained zero i.e. the zero-refractive index is found from 

 =7.1×10
10

rad./sec. to 8.0×10
10

rad./sec. The Figs. 3 show that the reflectance of the single 

layer of the NIM increases when the angles of incidence are increased. The reflectance of 

the considered structure has found 0% reflectance and other side the transmittance of the 

same structure is found 100% for the highest angle of incidence i.e. 89
0
.  

The Fig. 4 shows the reflectance and the transmittance of the single composite layer of NIM 

when  mp=13.7602×10
10

rad./sec. which is just double of the previous calculation. The 

reflectance band gap is obtained where the refractive index has obtained zero at the same 

range of the frequency 7.1×10
10

rad./sec. to 14×10
10

rad./sec. So the reflectance band gap is 

about Δ =6×10
10

 rad./sec. which is six times larger than first calculation when the magnetic 

plasma frequency is double. These calculations reveal that the enlarged reflectance band gap 

of the single NIM is obtained when the magnetic plasma frequency of NIM increases. The 

reflectance and the transmittance of the single layer of the NIM with plasma frequency 

( mp) 13.7602×10
10

rad/sec. are changed with varying angles of incidence from 0
0
 to 89

0
. 

The band gap of the material is obtained approximately Δ =6×10
10

 rad/sec. Such structure 

may be used as the filter due to large omnidirectional reflection band gap in both modes. 
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(a) 

 

(b) 

Figure 3: Reflectance and transmittance of single composite layer of NIM versus frequency 

when  mp=6.8801×10
10

rad./sec. for (a) TE-mode and (b) TM-mode. 
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(a) 

 

(b) 

Figure 4: Reflectance and transmittance of single composite layer of NIM versus frequency 

when  mp=13.7602×10
10

rad./sec. for (a) TE-mode and (b) TM-mode. 

4. Conclusions 

We have studied the optical characteristics single composite layer of NIM with varying 
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magnetic plasma frequency of NIM is enlarged six times of the zero refractive index 

when magnetic plasma frequency is increased two times only. The calculation shows that 

the zero refractive index of the NIM is independent of the polarizations and dependent 

upon angles of incidence. The reflectance and the transmittance of the NIM is enlarged 

due to enlarged of the zero refractive index. The reflection band gap of the NIM with 

large magnetic plasma frequency is also independent of the angles of incidence. Such 

enlarged reflection band gap of the single layer of the NIM with large magnetic plasma 

frequency may be used as the filter due to obtain enlarged omnidirectional reflection band 

gap in both modes. 

 

5. Acknowledgment 

One of the author Dr K. B. Thapa is thankful to Dr. Ajay Tiwari (Post Doctoral Fellow), 

Department of Electrical and Electronic Engineering, Toyohashi University of Technology, 

Tempaku-cho, Hibariga-oka-1-1, Toyohashi 441-8580, Japan for his valuable help. 

5. References 

[1]V.G. Veselago, Sov. Phys. Usp. 10, 509 (1968). 

[2]D. R. Smith, N. Kroll, Phys. Rev. Lett. 85, 2933 (2000). 

[3]R.W. Ziolkowski, E. Heyman, Phys. Rev. E., 64, 056625 (2001); R. A. Shelby, D. 

R.Smith, S. Schultz, Science 292, 77 (2001). 

[4]J. B. Pendry, Phys. Rev. Lett. 85, 3966 (2000).  

[5]X. Dengand N. Liu, J. Phys. D: Appl. Phys. 42, 045420 (2009). 

[6]Z. Tong, H. Zhang and J. Yao, Appl. Phys. B 91, 369 (2008). 

[7]L. Zhang, W. Qiao, Y. Zhao, and G. Du, Opto. Lett. 06, 0207, (2010). 

[8]L. Wang, H. Chen, S. Zhu, Physics Letters A 350, 410 (2006). 

[9]D. Yeh and C. Wu, J. Opt. Soc. Am. B. 26, 1506 (2009). 

[10]E. Cojocaru, Progress in Electromagnetics Research, 113, 227 (2011).  

[11]Y. T. Fang and Z. C. Liang, Eur. Phys. J. D 61, 725 (2011). 

[12]G. Castaldi, I. Gallina, V. Galdi, A. Alu, and N. Engheta, Phy. Rev. B83, 081105 (R) 

(2011). 

[13]X. Deng, J. Liu, J. Huang, L. Zouand N. Liu, J. Phys.: Condens. Matter, 22 055403 

(2010). 

[14]L. Dong, G. Du, H. Jiang, H. Chen and Y. Shi, JOSA B 26, 1091(2009). 

[15]K. B. Thapa, P. P. Singh, N. Kumar and S. P. Ojha, J OPTIK- International Journal for 

light and electron Optics, 124, 6631 (2013) and S. A. Ramakrishna, Prog. Phys. Rept. 68, 449 

(2005). 

[16]P. Yeh, Optical waves in layered media, John Wiley and Sons, New York (1988). 

[17]M. Born and E. Wolf, Principals of Optics, 7
th

 Edition, Cambridge University Press, 

Cambridge, U.K. (1999). 

 

 

javascript:searchAuthor('Dong,%20L')
javascript:searchAuthor('Du,%20G')
javascript:searchAuthor('Jiang,%20H')
javascript:searchAuthor('Chen,%20H')
javascript:searchAuthor('Shi,%20Y')

