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ABSTRACT

We introduce the design of nonlinear nonmagnetic left handed material.
The dispersion relation has been derived for a slab waveguide of dielectric
material sandwiched between linear and nonlinear nonmagnetic LHM slabs.
A numerical Code was built to find the dispersion relation of the nonlinear
transverse electric field (TE) surface waves in the structure and the power
flow. Also, we study the effect of the nonlinearity, the slab thickness, and
operating frequency on the effective wave index and power flow. We found
that the wave effective refractive index and the power flow are dependent on
the frequency, thickness and the nonlinearity of the structure.
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INTRODUCTION:

A medium which have both the dielectric constant ¢ and the magnetic
permeability p assume negative values will have peculiar properties. This
has been demonstrated theoretically by Veselago, who shown the
propagation direction of an electromagnetic wave will be opposite to its
energy flow direction in such material [1-3]. He used the term Left-Handed
Material (LHM) for this class of material, and the wave vector K, figure 1-a,
and the phase velocity, exhibit a sign opposite to that in a conventional
right-handed (RH) material, figure 1-b,

E E
k S S
H H
Figure (1-a) : plare wave in LH Figure (1-b) plare wave in RH

but the Poynting theorem is still given by S=ExH", as in figure(1)
which exhibit the triplet ( E, H, S ) in case of ( LH and RH) [4].

The demonstrations of the left-handed material opened a wide door to
design a novel devices based on the electromagnetic wave propagation in
this class of materials [5,6]. Recently, Smith et al. found negative effective
permittivity € and permeability p simultaneously in a system consisting of
split ring resonators and metal wires [7], and Shelby et al. have observed
negative values of the refraction index n in this system [8]. The first
application of the negative-refraction material was suggested by Pendry [6],
who demonstrated that a slab of a lossless negative-refraction material can
provide a perfect image of a point source.

All properties of left-handed materials were studied in the linear regime
of wave propagation when both &€ and p of material in some range

frequency were assumed to be independent of the intensity of the
electromagnetic field. However, any future effort in creating tunable
structures where the field intensity changes the transmission properties of
the composite structure would require the knowledge of the nonlinear
properties of left-handed metamaterials for example of a lattice of split-ring
resonators and wire with a nonlinear dielectric in general form

Ep =&p QEZ‘). Recently Zharov et al [9]. have considered and analyzed, for
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the first time the nonlinear properties of left-handed metamaterials. They
had considered two dimensional composite structures consisting of square
lattice of the periodic arrays of conducting wires and split-ring resonators,
and the cell size of the structure is much smaller than the wavelength of the
propagation of the electromagnetic field. Importantly, the macroscopic
electric field in such composite structures can become much higher than the
macroscopic electric field carried by the propagating electromagnetic wave
[10]. This provides a simple physical mechanism for enhancing nonlinear
effects in the resonant structure with the left-handed properties, and the
study of nonlinear left-handed material properties are expected to be quite
unusual, and ignited a new gate for researchers in electromagnetic.

This paper is organized as follow; in section II, we have studied the
theoretical derivation of the dispersion relation which governs the
electromagnetic waves propagation in dielectric medium covered by LHM
and nonlinear nonmagnetic LHM structure in GHz range of frequency. In
section III, the dispersion relation has been solved to explore the
characteristics of the structure. Section IV is purely devoted for the
conclusion.

I1. Theory :
Figure 2 shows the structure under investigation. we present the
dispersion relation for TE wave propagation in the x-axis with propagation

wave constant B in the form e " where P =k/kK,, k is the complex
propagation constant, and K, is the free space wave number which equals

w/c, where c is the velocity of light, and o is the applied angular frequency.
z

[1] A Nonlinear LHM
- >

2] | Diclectic

Brd M “x

Fg, (2) TE surface waves waveguide conposed
of nonlinear nonnagnetic LHM

Consider a linear dielectric film (medium 2) of thickness (t), and
dielectric constante, . The linear dielectric film is bounded by linear LHM
£L (medium 3) in the region z < 0, and nonlinear nonmagnetic LHM cover
(medium 1) in the regionz >t, and its dielectric constant is€ly; . Here we

consider the Kerr like nonlinearity of the dielectric in the composite material
[9], i.e.

174



Nonlinear TE Surface Waves in ...

2

(O]
N (1)

Where ¢, =¢, + ocEi, g, 1s the linear part of the dielectric constant, and o
is the nonlinear coefficient. The permeability of the nonlinear nonmagnetic
left handed material is considered as pw=1[11]. The electromagnetic field
components are,

E=(0,E, 0", )
H= (Hx 0, Hz )eiko([}x—ct)’ (3)

In nonlinear LHM cover (z > t):

Substitution of equations (2) and (3) into Maxwell's equation yields the
following nonlinear differential equation to satisfy in the nonlinear
nonmagnetic LHM slab:

azi—kz(ﬁz—g ~aE’)E, =0 (&)
07> 0 DD y ) Ey 5
0)2
Where, €, = €, —m—g
The solution of equation (4) is given by
E,, =(k,/k,)(2/a)"*sech(k,(z-z,)) (5)

Where z, is the position of the maximum of the field compnent in the

nonlinear cover, and k, =k /B> —¢,, . The magnetic field components in
the nonlinear cover are
H, = i(kl2 lopk, )(2 / oc)l/2 sec h(k1 (Z -z, ))tanh(k1 (Z -z, )), (6)
H, = _(k/wuo)Eyl (7)
In linear dielectric region (0<z<t ):
Also, substitution of equations (2) and (3) into Maxwell's equation

yields the following linear differential equation to satisfy in the linear
dielectric slab

0°E
asz—ké(Bz—Sz)Ey =0, (8)
The solution of equation (8) is given by
E,= Asinh(k,z)+ Bcosh(k,z), )
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where k, =k, 4/B* —&, . The magnetic field components in the linear
dielectric are

H,, = —(i/ oy, k,[A cosh(k,z)+ Bsinh(k,z)}, (10)
H,, = —(k/op, JAsinh(k,z)+ Bcosh(k,z)| (11)
In linear LHM (z<0):

Substituting equations (2) and (3) into Maxwell's equation yields the
following linear differential equation to satisfy E ; in the linear LHM slab
0°E
87;—1(5(32 _ggff“:;ff)Ey =0, (12)
Thus ¢.,and p., are the effective permittivity and permeability of the
linear left handed material respectively, and they are given by

()
szf =1——§a (13)
W
Fo’
ugff =1- B B (14)
o -

Where o, is the plasma frequency, ®, is the resonance frequency of the

wire, and F is the structure factor. The solution of equation (12) is
E , =Ce"’ (15)

where k, =k, 4B’ — U464, A, B, and C are amplitude coefficient

determined from the boundary condition, and we can get the magnetic
components in the linear LHM as
H,, = _(i/(”“eff}/lo)CksekBZ (16)
H,; = —(k/op g, )Cke"’ (17)
Matching the field component H and E  at the boundaries z=0 and
z = t, the dispersion relation is
tanh(k,t) = KRk,

, 18
k, —k,vR (18)

where R = ks and v = tanh(k,(z, —t))

oMo

Power Flow:
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The power flux of the waves propagating in the x-direction is given by
1 . 1
P:Ej (ExH )dz:Ej E,H,dz = Py + Py + Py (19)

Thus Py v.Pp and Py, are stand for the power flux in the nonlinear
nonmagnetic LHM, linear dielectric and linear LHM respectively.

1
Py = E(kk1 /Ko, )2/ o)1+ V] (20)
1
P, :E(k/wuo)Bz [PID + Py +P3D] (21)
1
P = Z(k/kzwuoueff)cz (22)

where B =C =k, /k,(2/a)"*(1-v*)*[Rsinh(k,t)+ cosh(k,t)]",
P,, = R*(cosh(k,t)sinh(k,t)-k,t)/ 2k,

P,, = (cosh(k,t)sinh(k,t)+k,t)/ 2k,

and

P,, = (Rsinh(k,t))/k,.

Numerical Results and Discussion:

The dispersion relation, equation (18), has been solved numerically to
compute the complex effective wave index B as a function of the angular
frequency ®, and the power flux for the structure under investigation. The
parameters of the nonlinear nonmagnetic LHM, linear dielectric and linear

LHM are adjusted that the parametersely, e, , UL, are negative in the
same frequency range, which lies between10.2 ~10.6 GHz. The parameters
were used in carrying out the numerical calculations are: o = 27w GHz ,

a=155x10""m’V?, g =25, ¢, =3, F=0.56, and o, =10.21GHz.
Figure (3-a) shows the effective refractive index 3 of the structure versus

the angular frequency. It is noticed that the effective refractive index is
sensitive to the thickness (t) and increase with the frequency increase.
Beside that, when the dielectric medium thickness is increase the effective
refractive index decrease. Also, the effective refractive index increase with
nonlinearity increase, but when the thickness of the dielectric medium is
increased the level of the effective refractive index is decreased as shown in
figure (3-b). The slope of the dispersion relation represents the group
velocity and has a positive slope which means the power flow in the positive
z-direction [12]. The structure behaves like a RHM structure, as if the two
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LHM has canceled the effect of each other. The importance of this structure
is that controllability on the operating frequency range, and the effective
refractive index based on the chosen characteristics of the LHMs.
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Figure 3: a. the effective nonlinear refractive index versus the angular
frequency at nonlinearity v= 0.5, for different dielectric medium
thickness.
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Figure 3-b the effective nonlinear refractive index versus the
nonlinearity, at ® = 10.5 G Hz and different thickness.
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1

3
20,0

Figure (4-a), shows the normalized power flow (P/P,), whereP, =

versus the effective nonlinear refractive index at a constant angular
frequency ® =10.5GHz . It is noticed that the power flow increases by
effective refractive index increase, but the power flow decrease by thickness
increase at fixed nonlinearity value of 0.5. In figure 4-b, the power flow
increases slightly as the angular frequency increases at fixed nonlinearity of
0.5. As we can see from both figures, figure 4-a, and 4-b the power flow is
sensitive to the dielectric medium thicknesst .
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Figure 4: a. the normalized power flux versus the effective nonlinear
wave index at ® = 10.5 G Hz, and different thickness.
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Figure 4-b the normalized power flux versus the angular frequency, at
v = 0.5 and different thickness.
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Conclusion:

We have studied the nonlinear nonmagnetic LHM of TE surface waves
in a three layer waveguide structure; linear dielectric medium sandwiched
between LHM cover and nonlinear nonmagnetic LHM as a substrate have
been investigated theoretically and numerically. The nonlinear nonmagnetic
LHM behaves like a metal with a better advantage, which is one can control
its physical characteristics and the operating frequency range. This
controllability is not widely available when use certain class of metal
compared to LHMs. The dispersion relation was derived to calculate the
effective refractive index as a function of the frequency with different
thickness of the dielectric medium. We found the effective refractive index
is increased with the frequency increase; also the effective refractive index
is changing by nonlinearity change, and is sensitive to the dielectric medium
thickness. The power flow increases as the effective refractive index
increases, also it increases by increasing thickness; and increases slightly
with frequency increase in the range, which is10.2GHz ~ 10.8GHz .
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