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Abstract

The surface waves propagation at the interface between tunable metamaterials (MTMs) and Nonlinear media is investigated. Tunable MTMs has refractive index which can be tuned to negative-zero-positive values. Nonlinear materials are assumed to have Kerr-like refractive index. The dispersion equation is analytically derived and solved numerically. Results display the different behavior of the propagating waves as the refractive index is tuned.

1. Introduction

Materials exhibiting negative permittivity and permeability are a popular topic of current research due to their recent physical realization as metamaterials [1]. Recent research has focused both on the behavior of these metamaterials as well as on the incorporation of negative permittivity and permeability into electromagnetic theory [2].  Veselago [3] predicted theoretically several extraordinary electromagnetic phenomena of MTMs; i.e., a reversed Doppler effect, reversed Čerenkov radiation, and a negative index of refraction. To date, the range of imaginable applications extends to important applications in communications; e.g., antenna design, vehicle coatings for altering radar cross section properties, and lenses [4]. Moreover, tremendous interest has been given to MTMs because of their important applications in sensors [5]and isolators[6-7].

Most recent work has been done by Werner et al. to show that it is possible to create tunable MTMs at near infrared waves having index varies from negative through zero to positive using Liquid crystals (LC) [8]. We will refer to this structure as tunable LC-MTMs. 
The propagation of light in media characterized by intensity dependent refractive index, nonlinear media, was a subject of investigation in nonlinear optics. Nonlinear materials with dielectric constant depend on the intensity of the field have been suggested for several applications; e.g. [9-10]. In this work, the proposed structure consists of two media, one is the tunable LC-MTMs and the other is the nonlinear media. 
The focus of section 2 is on the proposed structure.  The theory of the problem will be covered in section 3. Results and discussion are presented in section 4. The conclusion is given is section 5. 
2. Model representation
The proposed structure consists of two layers plane waveguide as in Figure 1. The substrate consists of tunable LC-MTMs and the cladding is nonlinear media as shown in Fig. 1.
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We here consider LC-MTMs with complex permittivity εMTM and complex permeability μMTM which can be tuned by changing the permittivity of the LC, εLC [11]. The nonlinear layer has a nonlinear index of refraction given by nNL= nc+α |Ey|2, where nc is the linear part of the refractive index, α is the nonlinear coefficient, Ey is the only nonzero component of the electric field.
3. The fields and field equations 

We consider only s-polarized waves propagating in the z-direction.  Thus, the fields can be written as follows
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where β is the propagation constant, ω is the wave frequency, β= neff k0, neff is the effective refractive index,k0 =ω/c and c is the speed of light.
Applying the fields in equations (1) and (2) into Maxwell’s equations we obtain the fields in each region as follows

For x ≥ 0,
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where 
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For x ≤ 0,
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where 
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Solving the boundary condition problem will result in the dispersion equation
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where 
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is called nonlinearity parameter.
Equation (5) contains explicitly the refractive index for each media and explains the behavior of the propagated wave at the interface between the two media in terms of refractive indices.
4. Results and Discussion
The dispersion equation (5) is solved numerically. Table 1lists the values of MTM parameters, nMTM and µMTM for λ=1.4µm at different εLC [8]. For nonlinear media, nc=1 and µNl =1.

	Table 1: MTM-Parameters for different values of εLC.

	εLC
	nMTM
	µMTM

	2
	-1+j0.9
	4+j6

	2.5
	0.05+j0.3
	-5+j4

	2.6
	0.15+0.6
	-4+j4


The plot of the effective refractive index as a function of the nonlinear term
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 at different values of the εLC is displayed in Fig. 2. We see that the behavior of the propagating wave changes with changing the nonlinear term.
Fig. 2 (a) shows that the real part of the neff changes monotonically with the nonlinearity term.  It also shows that the real part of the neff  varies as the value of εLC changes.
For the same range of nonlinear term, the allowed range for the propagating waves extends as εLC increases. 

Fig. 2 (b) shows that the imaginary part of neff  varies as the nonlinear term changes. Moreover, as  εLC increase the imaginary part of neff  goes from negative to positive.


Figure 2. a) the real part of neff as function of the nonlinearity parameters. b) the imaginary part of neff as function of the nonlinearity parameters 

5. Conclusions
In conclusion, we see that surface wave propagating at the boundary between LC-MTMs and Nonlinear Media can assume different behavior as LC-MTMs refractive index has different values. This indicates that this structure is promising for wide range of application.
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� HYPERLINK "\\\\\\\\\\\\\\\\\\Figure" �Figure� 1. Proposed two layers waveguide structure
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