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Abstract. Nonlinear magnetostatic surface wave in a slab waveguide structure has been investigated.
The behavior of TE nonlinear waves in an optically nonlinear film is given. Electromagnetic surface
waves propagating in a nonlinear dielectric film bounded by a ferrite cover and left handed material
substrate (a medium with both negative dielectric permittivity and negative magnetic permeabilityLHM) are examined theoretically. The new mathematical results are expressed in terms of physical
parameters of the system. A dispersion relation based on Jacobian Elliptic Functions is derived. The
general dispersion relation is derived and analyzed numerically. Dispersion curves labeled with optical
power density at the lower film boundary, detailed plots of the variation of electric field amplitude as
the wave number changes It is shown that the proposed waveguide structure depends on the refractive
index efficiently controlled by varying the frequency.
Keywords: Left-handed materials, gyromagnetic ferrite, dispersion relation Nonlinear surface waves.

1. Introduction
The propagation characteristics of nonlinear electromagnetic and magnetostatic
surface waves in gyromagnetic (Ferrite materials) wave guide structure have been
studied [1-7]. Strongly Nonlinear Magnetostatic Surface Waves In a Ground Ferrite
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Film has been studied[8]. Materials with negative index of refraction: materials
which exhibited both negative permeability and permittivity over a certain range of
frequencies have received much attention [9] . Thus, they were called left-handed
materials (LHMs) or double negative material, left-handed material (LHM), and so
on[10]. Materials with negative effective permittivity (ε) and permeability (μ) in a
certain band of frequency, referred to as metamaterial.
[11] studied electromagnetic fields propagating through left-handed material slabs.

Ziolkowsky et al has been studied left-handed materials both analytically and
numerically[12]. Ilya V. Shadrivov, Andrey A. Sukhorukov, and Yuri S. Kivshar
study both linear and nonlinear surface waves localized at the interface separating a
left-handed medium

and a conventional or right-handed dielectric medium. They

demonstrate that the interface can support both TE- and TM-polarized surface waves–
surface polaritons[13]. multilayer structures as negative refractive index and lefthanded materials, and find that for one polarization there is a wide range (≈90◦) of
incident angle within which negative refraction will occur. This comes about because
the group velocity and the Poynting vector have a large component parallel to the
layers, no matter what the angle of incidence of the incoming radiation is. This
behavior in turn comes from the large anisotropy of the phase velocities. If one of the
components is a ferromagnetic metal, the system can be a left-handed material above
the ferromagnetic resonance frequency has been studied [14]. In this paper, we
investigate theoretically the behavior of TE surface waves in a nonlinear dielectric
film bounded by a gyromagnetic ferrite cover and left handed material (LHM)
dielectric substrate. We derive an exact analytical dispersion equation. The obtained
numerical results of the dispersion relation are presented and then discussed.

2. Theoretical Model of TE Surface Waves
We

investigated

and

computed

the

dispersion

relation

of

nonlinear

electromagnetic surface waves in a waveguide structure consisting of dielectric film
that bounded by a Ferrite cover and left handed material ( LHM) substrate. The
proposed waveguide structure is considered as a simple one of multi waveguide
structure. The propagation characteristics in the above three layers can be tuned and
controlled by selecting the different optically frequency .
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Fig. 1 shows the coordinate system used, we shall assume that the nonlinear film
occupies the region 0 < z < d, bounded by the ferrite cover of space z  d and
bounded by LHM substrate. This model shows that the structured LHM have a range
of frequencies over which the index of refraction is negative. In such a model ε2 and
μ2 of the LHM take the form

2  1

p 2
F 0 2
,


1

2
2
 2  0 2

(1)

where ω is the frequency of the incident light, ωp and ω0 are the electronic and
magnetic plasma frequencies.
The nonlinear film dielectric is assumed to be kerr-like and isotropic, where the index
of refraction will depend linearly on the field intensity satisfying the Eq. (3), so that
TE waves will be only considered here. The Kerr-effect is produced via application of
an electric field to a material. The molecular structure of the material changes and the
bulk properties off the material also change. In a Kerr-effect the materials become
doubly refracting when placed in regions of strong electric fields.

The nonlinear

dielectric function is in the form:

 NL   2   E 2y ,

(2)

where  2 is a frequency-dependent linear part,  is a nonlinear coefficient and Ey is
real since the waves are guided.
For the nonlinear medium, occupying the film (d>z >0), the field amplitude Ey (ω,
z)  Ey, is a solution of the nonlinear equation.

d 2Ey
dz 2
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2
  2  2  k 2  E y  2  E y3  0
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(3)

The cladding is assumed to be a gyromagnetic ferrite layer which is described by a
magnetic permeability tensor as
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and  B are the usual polder tensor elements, ω is the angular frequency of the
supported wave,  0    0 H 0 ,  m    0 M 0 , H 0 the applied magnetic field,
  1.76  1011 s 1T 1 the gyromagnetic ratio, M considered as the dc saturation
0
magnetization of the magnetic insulator and  B has been introduced as the
background, optical magnon permeability
The electric and magnetic field vectors for TE waves propagating along the x- axis
with angular frequency  and wave number k are as follows;





E  0, E y ( , z ),0 e i ( k x t )

(5)

H  H x ( , z),0, H z ( , z) e i ( k x  t )

(6)

Z

Ferrite µ3, ε3
d

3
medium3
Nonlinear

 NL   L   Ey

2

X

o
LHM µ(ω),ε(ω)

Fig. 1 nonlinear waveguide bounded by Ferrite cover and LHM substrate, 1 = 2.45, 2 = 2.3

The traverse electric field modes are going to be considered and propagate along
x-axis with wave number k and angular frequency . The gyromagnetic ferrite cover
has magnetic permeability tensor as in Eq. (3), the dielectric Function of the nonlinear
dielectric medium is assumed to be Kerr-like, isotropic and depends on the electric
field .
E 1  k 12 E 1  o



E 2  k 22  2 2 E 22

(7)



E2  o

(8)
E 3  k 32 E 3  o

(9)
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A dot denotes a differentiation with respect to z
The electric fields in cover and substrate for guided or surface waves must decay
exponentially towards infinity
(I) In the Ferrite cover:
The electric and magnetic fields component in Ferrite structure are:
k (d  z )
E y(3)  Ed e 3

(10)

and
  xx k3  ik xz

H (3)
x ( z)  
 i o  xx  v
 xx  v   xx2   xz2


 Ey


(11)

  k  ik xx 
 Ey
H z(3) ( z )   xz 3
i



o xx v 


(12)

(II) For Nonlinear medium:

(6)

The electric and magnetic waves are:

E y( 2 )   cn qz  z o  | m ,

H x(2) 
and

H z(2) 



Where q  k24  4  2 C2



1

4

 iq

 o
k

 o

(13)

 sn qz  z o dn qz  z o  ,

(14)

 cn qz  z o  | m .

(4.18
)(15)

, 2 

 2 2

2c 2
(III) For Left Handed Material(LHM):





and P 2  q 2  k22 2 2 ,
(13)

We have the other components of magnetic and electric field as

E y(1)  E o exp  k 1z 
H

(1)
x



H z(1) 

(16)
(6)

iE y(1) k 1

(17)

0 1
kx

0 1

E y(1)

(18)

Where E0 is the electric field at the lower boundary .

k x2   2 o o 11  k 12
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1
c2
Applying the boundary conditions on E and H at both z = 0 and

and

 o o 

z=d we obtain :

E y(1)  E y(2)
E o exp(k 1z )   cn q (z o ) m 
E o   cn ( z o q ) ,

(19)

H x(1)  H x(2)
iE y(1) k 1

o 1
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o

q sn  qz o  dn qz o 

E o k 1
q 1

(20)

From Eq’s. (19) And (20) we have :
Eo
 cn ( zo q)
P
Eo2
, 1  2  sn2 ( zo q)
P

(21)
(22)
(6)

where: cn2+sn2=1
Similarly; for the upper boundary, we have:

(4.18
)
(23)
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Using Jacobian Functions formula [16]:
cn [qd ] 
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(25)

Then we have the dispersion relation as:
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(26)
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Equation (26) is the dispersion relation and  E 02 / 2 is the optical power density .

Numerical results and discussion:
We analytically studied the TE surface waves in a slab waveguide. Numerical
computations is performed in order to calculate the propagation characteristics of the
nonlinear dispersion equation. The dispersion relation,equation(26) has been solved
numerically to compute the refractive index n[x] as a function of power density αE02
/2. The numerical calculations were carried out with the same parameters for the
ferrite (YIG) substrate as[14]. the data parameters for the LHM as[15]: F = 01.25 , ω0
/ 2π = 4 GHz , and ωp / 2π = 10 GHz.fig(2) shows the refractive index of the structure
versus the power density. In computation, the data is used as reported by shabat [15]

o H o  0.5T , B  1.25 , o M o  0.175T and   1.76 1011 rads-1T 1. for

v  0 ,

the

frequency in the range from f o f o  f m  to f o  f m  is taken into consider ration It is
noticed that the power density sensitivity to the change in frequency and decrease
with the frequency increase. Fig(2) showing the bistable property of the waves ,the
bistability appeared by decreasing the frequency. beside that ,when the nonlinear
medium thickness is increase the power density and refractive index are increase as
shown in fig(3). In fig(4) we plot the refractive index versus the power density with
different thickness and αE0 2 /2=.5 instead of .4 as in fig(3). In fig(5),(6) we plot the
refractive index versus the power density with different thickness and (αE0 2)/2=.5
and different gyro magnetic ratio γ=1.77x1011 and γ=1.78x1011 respectively.
increasing the gyromagnetic ration occur increasing in power density and shift the
curve towards increasing refractive index. showing the bitable property of the waves.
And the bistability appeared by decreasing the thickness of the film. We note that the
structure of the dispersion curves for surface waves depends on the relation between
the power density and refractive index for different value of gyromagnetic ratio.
Fig(7).(8),(9),Dispersion curves of TE-polarized surface waves in three dimension the
curve represents the relation between power density in the upper and lower boundary
with refractive index for
respectively and d=3.15µm

different

frequencies=104.3GHz ,104.4GHz,104.5GHz
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2
2
1

αE02/2
Fig(2) Dispersion curves of TE-polarized surface waves for different frequency curve(1)=104.6x109
curve(2)=104.4x109 curve(3)=104.3x109 respectively for b=.4, ε1 = 2.45, μ1 = 1, ω0 = 4.0 GHz, γ =
0.03ωp, F = 1.25, d = 3μm, ε3 = 1, γf = 1.76×1011 s-1T-1, μ0M = 0.175 T, and μ0H0 =.5

3

2

1

αE02/2
Fig(3) Dispersion curves of TE-polarized surface waves for different thickness
curve(1):d=3.15µm ,curve(2):d=3.2µm and curve(3:d=3.25µm respectively for b=.4 ε1 = 2.45, μ1 = 1,
ω0 = 4.0 GHz, γ = 0.03ωp, F = 1.25, ω=104.6 GHz, ε3 = 1, γf = 1.76×1011 s-1T-1, μ0M = 0.175 T, and
μ0H0 =.5
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3

1

αE02/2
Fig(4) Dispersion curves of TE-polarized surface waves for different thickness
curve(1):d=3.15µm ,curve(2):d=3.2µm and curve(3:d=3.25µm respectively for b=.5,ε1 = 2.45, μ1 = 1,
ω0 = 4.0 GHz, γ = 0.03ωp, F = 1.25, ω=104.6 GHz, ε3 = 1, γf = 1.76×1011 s-1T-1, μ0M = 0.175 T, and
μ0H0 =.5

2
1
3

αE02/2
Fig(5) Dispersion curves of TE-polarized surface waves for different thickness
curve(1):d=3.15µm ,curve(2):d=3.2µm and curve(3:d=3.25µm respectively for b=.5,ε1 = 2.45, μ1 = 1,
ω0 = 4.0 GHz, γ = 0.03ωp, F = 1.25, ω=104.6 GHz, ε3 = 1, γf = 1.77×1011 s-1T-1, μ0M = 0.175 T, and
μ0H0 =.5
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αE02/2
Fig(6) Dispersion curves of TE-polarized surface waves for different thickness
curve(1):d=3.15µm ,curve(2):d=3.2µm and curve(3:d=3.25µm respectively for b=.5,ε1 = 2.45, μ1 = 1,
ω0 = 4.0 GHz, γ = 0.03ωp, F = 1.25, ω=104.6 GHz, ε3 = 1, γf = 1.78×1011 s-1T-1, μ0M = 0.175 T, and
μ0H0 =.5

nx
nx

αE02/2

αEd2/2

Fig(7) Dispersion curves of TE-polarized surface waves in three dimension for frequency=104.3GHz ,
d=3.15µm , b=.5,ε1 = 2.45, μ1 = 1, ω0 = 4.0 GHz, γ = 0.03ωp, F = 1.25, ε3 = 1, γf = 1.78×1011 s-1T-1,
μ0M = 0.175 T, and μ0H0 =.5
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nx
αE02/2

αEd2/2

Fig(8) Dispersion curves of TE-polarized surface waves in three dimension ,d=3.15µm ,ε1 = 2.45, μ1 =
1, ω0 = 4.0 GHz, γ = 0.03ωp, F = 1.25, ω=104.4 GHz, ε3 = 1, γf = 1.78×1011 s-1T-1, μ0M = 0.175 T, and
μ0H0 =.5

nx

αE02/2
αEd2/2

Fig(9) Dispersion curves of TE-polarized surface waves in three dimension for frequency=104.5
GHz , d=3.15µm , b=.5,ε1 = 2.45, μ1 = 1, ω0 = 4.0 GHz, γ = 0.03ωp, F = 1.25, ε3 = 1, γf = 1.78×1011 s1 -1
T , μ0M = 0.175 T, and μ0H0 =.5

Conclusion
We proposed here an approach describing a new type behavior Surface -Waves
in a Nonlinear, Left-Handed Material and Ferrite Layered Structure which is very
promising for opt microwave electronic devices. We analytically studied the TE
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surface waves in a slab waveguide. It contained nonlinear film between two ferrite
cover and left handed material substrate. A dispersion relation for TE surface waves
has been derived and numerically investigated. There found out that the wave
effective refractive index was changing in value and sign depending on the operating
frequency and the dielectric slab thickness. Also for different value of gyromagnetic
ratio for ferrite cladding γf, the relation between power density and refractive index is
changing and the curves shift towards increasing the refractive index nx . And in some
cases one guided density corresponds to two different effective refraction indexes
showing the bitable property of the waves.
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