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1. 
  INTRODUCTION
The problem of electromagnetic wave propagation in nonlinear waveguide systems receives increasing interest nowadays, with the identification of the fact that waves guided by thin films show very important new properties when one or more of the bounding media posses refractive index depending on intensity. In optical signal processing and in other areas of optoelectronics and microwaves, the scope of nonlinear waveguides is already identified and theoretical and experimental investigations aimed at the correct evaluation of the properties of propagation and the development of suitable materials and devices are being reported[1-12]. But most of the works so far done deals with Kerr-like media where the refractive index depends on the square of the optical field. It is to be noted that Kerr-like situation is an idealized one, and in reality, many of the nonlinear materials are non Kerr-like where the refractive index depends on optical field with a power other than two. Only few theoretical works are reported [13–19], dealing propagation in structures with non Kerr-like nonlinear materials. J. G. Ma [16 -18] analytically studied transverse electric (TE) guided waves in nonlinear planar waveguides consisting a sandwiched linear dielectric medium between nonlinear non-Kerr-like substrate and cladding dielectrics. In these studies, the important magnetic tuning and nonreciprocal effects could not be probed because none of the films used were ferrimagnetic in nature. 
In the last chapters, it is well established that owing to the nonreciprocal effect of wave propagation and the dependence of permeability on the applied biasing magnetic field, ferrites find promising applications in electromagnetic waveguides. Nonlinear dielectric materials also find unique applications in optical devices, where power of the guided wave controls the propagation. The combination of these materials can then provide typical advantages like electrical and magnetic tuning and nonreciprocal effects.
In this chapter, propagation characteristics of TE waves through three layered structures are undertaken with special attention to power flow. The first structure is a trilayer structure in which a ferrimagnetic linear medium is bounded by dielectric media of general nonlinearity. Dispersion relation and power expression have been derived from analytical solutions of wave equations. Numerical results reveal the nonreciprocal effect and magnetic tunability of power flow in the structure. 
Boardman et al [1] have studied the TE wave propagation in a double layered structure consisting of a linear ferrimagnetic substrate and a Kerr-like dielectric cladding. The same structure with a difference in the nonlinearity function of cladding is also undertaken and useful results are obtained. 
The third structure studied consists of a linear ferrimagnetic substrate and a nonlinear ferroelectric cladding. The permittivity of the ferroelectric cladding is taken to be depending on the electric field with linear and quadratic dependence. The dispersion relation is derived analytically and numerical results are discussed.
In all the cases studied, the theoretical work in deriving the dispersion relation is based on analytical solution of the nonlinear wave equation corresponding to each case.
The chapter is organized as follows. The structure consisting linear ferrite film along with nonlinear cladding and substrate is considered in section 2. In section 3, propagation at the interface of linear ferrite and nonlinear dielectric half spaces is presented. A similar discussion with respect to the structure consisting linear ferrite and nonlinear ferroelectric cladding is given in section 4. In section 5, a general discussion on the properties of electromagnetic wave propagation in the structures studied in this chapter is presented.
2. 
 LINEAR FERRITE FILM WITH NONLINEAR CLADDING AND SUBSTRATE

Transverse electric wave propagation is considered through the structure shown in Fig.1. The linear ferrite film of thickness ‘’ is made of YIG and is magnetized in the X direction with magnetic field B. The cladding as well as the substrate are semi-infinite nonlinear dielectrics and can be Kerr-like or non Kerr-like. It is assumed that the nonlinear cladding and the substrate are magnetically isotropic and their relative permeabilities are unity and that they are of focusing type. In this study, the investigation is limited to TE0 wave propagation. 
                                                 Y
                                                  
    
	              Nonlinear cladding
           y =   d
	   Linear ferrite film			  	 	            X
          y = - d
    Nonlinear substrate                            B                                                                 

Fig.1.  The Structure I. Linear ferrite film bound by two nonlinear semi- infinite dielectric  layers.







2.1    DERIVATION OF DISPERSION RELATION


The configuration in Fig.1 allows TE wave propagation in the structure along Z direction, with electric and magnetic field components  and  respectively. The ferrite medium in this situation will behave as if it has an effective permeability,


 	 = 	           				  (1)


where, the Polder tensor elements (derived in 2.1) of the ferrite,  and are given by [1]
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with  = , the resonance frequency and  = .  and  are the applied magnetic field and saturation magnetization of the ferrite medium respectively and  is its gyromagnetic ratio.  is the signal frequency and  is the relative permeability of free space.

The field independent relative permittivity of the ferrite is taken as  and the field dependent relative permittivities of the cladding and substrate are expressed respectively as


	 = 	 		                        (3)


and 	  = 	 		                        (4)


where,  and  are the field independent components of refractive indices of the cladding and substrate respectively.
For the TE wave, the wave equations corresponding to the three regions of the geometry in Fig. 1 can be written as,  
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where, ‘k’ is the propagation constant. A dependence of all the propagating fields on  is implied. 







Taking, , , , =,   and 							(7a) 
and on using equations (3) and (4) along with 
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the wave equations can be rewritten as 
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The analytical solutions to equations (11) and (13) are [17]
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Thus 
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Both and  are greater than zero. Substituting equations (14) and (16) into equation (11), one shall get,


	


    +  =  0   	           (18)
For to satisfy equation (18) one must have



,  and 			(19)
Thus for the cladding


  = 	           (20)
and for the substrate


 = 	           (21)


where,	  and  are initial conditions and they can take values positive, negative or zero and from equations (8) and (10), one shall get the corresponding electric field components.
The general solution for the field in the linear ferrite medium is [16]


			 = 	           (22)
Now, the tangential electric field equation can be recovered as follows.
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From Maxwell’s equation E = -[B], the tangential magnetic field components can be obtained as
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On taking,
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and on applying the boundary conditions at the interfaces, one shall get the following equation:



    = 0							                                            			 (29)
For non-trivial solution, the determinant of the coefficient matrix must vanish. This condition gives rise to the following dispersion relation

  =  0                                                                                
                                                                                                               (30)
where,
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 = ,


 = .
The dispersion equation 30, for the trilayer structure in Fig.1 has the peculiarity that it includes all the kind of nonlinearity including the Kerr-like nonlinearity. 
4.2.2   NUMERICAL RESULTS









Yttrium iron garnet (YIG) is taken as the linear ferrite medium. In computation, the magnetic field  is set at 0.057 Tesla and the saturation magnetization  is taken as 0.1750 Tesla. The gyromagnetic ratio is taken to be equal to 1.759. The nonlinear coefficient , both for the cladding and the substrate are taken as 1.55or it’s multiples. The field independent component of the refractive indices of the nonlinear media are taken to be equal and they are,  and the relative permittivity of YIG, . Thickness of the ferrite film is taken as 100 nm.  and  are initial parameters and their values have nothing to do with the behaviour of the wave in the structure.






TE waves in the linear limit are controlled by the effective permeability,  = .  It can be seen that the effective permeability of the linear ferrite medium has got two regions and they are   and . Linear surface wave can propagate only if [1, 2]. But nonlinear wave propagation is possible in the regime  also, for which there is non linear limit but with a threshold power, which often moves out to infinity. 

With the above said biasing magnetic filed and saturation magnetization, the frequency window in which the effective permeability is negative is between 3.2193 G Hz and 6.4949 G Hz,   and in plotting the dispersion curves, frequencies in this range only are considered. Below 3.2193 G Hz and above 6.4949 G Hz, the effective permeability values are positive.




Dispersion curves are presented in Fig.2, with cladding and substrate of nonlinearity value 0.5. The two curves in Fig.2 are corresponding to initial parameter values (1) == 1 and (2) == 0.5. The propagation shows considerable dispersion but it is found to be reciprocal.
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Fig.2. Dispersion curves of the structure in Fig.4.1 with = = 0.5 and in the ferrite effective permeability region, . The two curves correspond to initial parameter values (1) ==1 and (2) ==0.5. The nonlinearity coefficient of the cladding and the substrate are taken to be equal and is 1.55.






In Fig.3, another set of dispersion curves of the structure are plotted, for cladding and substrate nonlinearity 1.25.  The two curves in Fig.3 are corresponding to initial parameter values (1) == 1 and (2) == 0.5.
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Fig.3. Dispersion curves of the structure in Fig.1 with = = 1.25 and in the ferrite effective permeability region, . The two curves correspond to initial parameter values (1) ==1 and (2) == 0.5.  The nonlinearity coefficient of the cladding and the substrate are taken to be equal and is 1.55.


On comparing Fig.2 with Fig.3, it can be seen that the wave number shows a shift towards left as the nonlinearity term  is increasing provided other parameters remain the same. 
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Fig.4 Dispersion curves of the structure in Fig.1 with = = 2 and in the ferrite effective permeability region, . The two curves correspond to initial parameter values (1) ==1 and (2) == 0.5.  The nonlinearity coefficient of the cladding and the substrate are taken to be equal and is 1.55.

The nature of propagation in the structure in Fig.1 for Kerr-like nonlinearity is plotted in Fig. 4, for the effective permeability region .  It is found that for higher values of nonlinearity also, the nature of propagation is similar and it is found that here too as the nonlinearity increases, there is a shift in wave number towards left especially at lower  frequencies.
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Fig.5. Variation of wave index with nonlinear power term  is plotted for three frequencies (1) 5 G. Hz, (2) 4 G Hz and (3) 3. 3 G Hz. , = = 1, 1.55 and .




In Fig.5, the variation of wave index, () with nonlinearity of the cladding/substrate is presented for a fixed frequency and for the initial parameter condition = = 1. It can be seen that the wave index is decreasing nonlinearly with nonlinearity. The three curves correspond to three frequencies (1) 5.5 G Hz (2) 4.5 G Hz and (3) 3.5 G Hz. 
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Fig.6. Variation of wave index with nonlinear power term  is plotted for three frequencies (1) 5 G Hz, (2) 4 G Hz and (3) 3.3 G Hz. , = = 0.5, 1.55 and . 



The variation of wave index with nonlinearity is given in Fig.6 for another set of initial conditions, == 0.5, again for three frequencies (1) 5 G Hz, (2) 4 G Hz and (3) 3. 3 G Hz. 
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Fig.7. The Variation of propagation constant with nonlinear power term  is plotted for three frequencies (1) 20 G. Hz  (2) 15Hz and (3) 10 G Hz. , = 0.1, Linear refractive indices of the cladding and the substrate are set at 1.55, and 1.55









The behaviour of propagation at higher frequencies is also examined and the variation of propagation constant with  is studied and plotted in Fig.7 for three frequencies (1) 20 G Hz, (2) 15 G Hz and (3) 10 G Hz for ==0.1, 1.55,  and .  It is found that as  is increasing, wave number is decreasing rapidly for its smaller values and gradually for its higher values. Here also propagation is reciprocal.
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Fig.8. Variation of wave index with ( =)	 for .   


The dependence of the nonstructural parameters (initial parameters)  and  on the propagation is also studied and is shown in Fig. 4.8 corresponding to a frequency 30 G Hz.
2.3   POWER PROPAGATION
The main objective of this chapter is to study the power propagation in nonlinear layered structures. The propagation of power can be easily computed using the Poynting’s theorem, 

			,				
where * indicates complex conjugation and for the cladding and the substrate, one shall get                                    


		          (31)
where i = c for cladding and i = s for substrate.

Analytical integration of equation (31) is possible only for certain values of  like 0.5, 1, 2 and 4 and they are [17]
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The expression for linear power of the ferrite medium is derived as follows. In the structure under consideration, the TE wave propagation is assumed to be along the Z direction and the biasing is along the X direction. In this context, the power in the direction of propagation is given by the Poynting theorem as 



	 = Real		                      (36)

From Maxwell’s equations, the expression for, for the linear ferrite medium is obtained as 



	 =      (37) 
If equation (37) is used in equation (36), one may get 



 =  - 	           (38)
where,



 = .  is already derived in the last section and is	
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 where,		 =  
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 and are as given in equations (23) and (25).	
On using equations (39) and (40) in equation (38), the linear power is obtained as 


 =  - 

                        ( 41) 
Therefore the total power is 


	           = 		                 	          (42)




The linear power component ‘’ given by equation (41) has a term containing first order  and since the sign of  depends on the direction of propagation or the direction of biasing, surely the linear power factor  will be nonreciprocal and hence the total power is also nonreciprocal.





In power propagation, a line of distinction is drawn between positive and negative values of. Negative values ofcorrespond to a small frequency window with boundaries at  and . It is found that in both the regions, power is not only nonreciprocal but also magnetically tunable. But the nature of tunability and nonreciprocal effect are not identical. In the region  tuning of power with frequency is also established. These results are very useful in optical applications.




If we compare the values of power computed for different nonlinearities, it can be seen that as the value of nonlinearity ‘’ increases, the power gets diminished. This is true with nonlinearity coefficient  also. In computation, the nonlinearity coefficient  is set at 1.55 [1] and any change in the nonlinearity coefficient is effected as its multiples.




In the case of cladding and the substrate with = 0.5, if the nonlinearity coefficient  is increased by one order, then the power will be reduced by four order. Intense research is going on to fabricate artificial materials of proper  and  values according to the requirement.







What follows is a detailed study of the power propagation characteristics of the structure. Different aspects of power propagation in the structure are studied corresponding to different nonlinearity values like , ,  and . It has been found that the nature of power propagation for different nonlinearity values is the same if other parameters  kept unchanged even though the magnitude of power drastically changes. Therefore to save space and at the same time to show the change in the value of power with change in nonlinearity value, discussion is limited to two nonlinearity values,  and . In each case, the difference in the power propagation nature with change in the sign of ferrite permeability is also presented. The magnitude of power obtained for various  values are in line with that obtained by LIU WU [19] for a tri layer nonlinear structure with nonmagnetic linear medium. 


The variation of power with biasing magnetic field is plotted in Fig.9, for nonlinearity  and for the case . The two curves 1 and 2 correspond to forward propagation and backward propagation respectively. The figure clearly shows the dependence of propagating power on applied magnetic field as well as on the direction of propagation (nonreciprocal effect). It shows that the structure under study has several applications in devices and circuits.
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Fig.9 	The magnetic tunability and the associated nonreciprocal effect of power propagation in the structure. The two curves correspond to (1) forward propagation and (2) backward propagation. Frequency is set at 5 G Hz. =1.55, ,  and  = = 0, 


In Fig.10, the variation of power with biasing magnetic field is plotted for a different nonlinearity value, viz.  and for the case . 
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Fig.4.10. The magnetic tunability and the associated non reciprocal effect in power is plotted. , frequency = 5 G Hz, = 1.55,  and  = = 0.  The two curves correspond to (1) forward propagation and (2) backward propagation. 




As mentioned earlier, it is quite clear from Fig.9 and Fig.10 that the nature of power propagation doesn’t depend on the value of nonlinearity  if other parameters remain unchanged. But it may be noted that the magnitude of power reduces drastically when the nonlinearity  is increased. It may be noted that the power level when  = 0.5 is in the order of 1040 Watts/m where as it is only of the order of 102 Watts/m when = 4.
It is clear from Fig.9 and Fig.10 that for the forward propagation, while the magnetic field is increasing, the power increases but for the backward propagation when the magnetic field is increased the power of the structure decreases. It can be seen from the above figures that for a particular value of magnetic field, the threshold power for forward propagation is smaller while that for the backward propagation is higher An important point that may be noted in the above plots is that corresponding to a particular magnetic field, the structure can be at two power states while all other parameters remaining the same. This aspect may be useful in optical switching.


The dependence of power propagation on magnetic field when the  ferrite permeability is positive is shown in Fig.11 corresponding to  and in Fig.4.12 corresponding to . A comparison of these plots with those in Fig.9 and Fig.10 respectively reveals that the power propagation nature is not identical in the two ferrite permeability regions.  
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Fig.11 The dependence of power propagation on ferrite biasing magnetic field is plotted for the case . Frequency is set at 2 G Hz, =1.55,  and  = = 0. The two curves correspond to (1) forward propagation and (2)  backward propagation. 



In this case, as the magnetic field is increasing, both for forward propagation and backward propagation, the power is decreasing unlike that in the negative permeability region of the ferrite where the power increases with the magnetic field for the forward propagation and it decreases with the magnetic field for the backward propagation. In the region , large threshold power is required for propagation in both directions. But in the region , it is already mentioned that the threshold power for the forward propagation is much less than that for the backward propagation. From Fig.11, it is clear that the power propagation in the structure in permeability region  is also nonreciprocal.







In Fig.12, the dependence of power propagation on frequency is established for ,  and  = 0.  The biasing magnetic field is set at 0.057 Tesla. The peak power position is appearing at around 4 G Hz. This means that frequency selection has a role in deciding the power level. The two curves correspond to (1)  and (2) , with =1.55.

It is quite clear that material parameters of the cladding and substrate and that of the linear medium are able to control the power level of the structure. It is evident from the figure below that larger the value of nonlinear coefficient,  of the cladding or the substrate or of both, lesser the power. 
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Fig.12. The variation of power with frequency. The two curves correspond to (1)  and (2) . The biasing magnetic field is set at 0.057 Tesla. =1.55.   ,  and  = = 0.



The variation in the value of power with frequency for the case  is presented in Fig.13. It is again quite clear from this figure that as the value of nonlinearity increases, the power level decreases. This case is an interesting one since the power level per meter is only of the order of a few hundreds of watts/m. If the value of nonlinear coefficients is also increased then the power will be reduced to very small value. Therefore in low power applications, the cladding and substrate must be of higher  values and higher  values.
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Fig.13. Variation of power with frequency is plotted for                = 1.55.The power is in Watts/m. ,   and  = = 0.
 (
       
Frequency, G Hz
) (
 
        
 P
Back
ard
 _ P
For
ward
 ,10 
27
 Watts/m
)[image: ]










Fig.14. The non reciprocal effect in power is plotted for two cases (1)  and (2) . =1.55. The biasing magnetic field is 0. 057 Tesla. ,  and  = = 0.

The power propagation in the structure is nonreciprocal with respect to frequency also. Fig.14 is a plot between frequency and difference in the forward and backward propagation power values. It is clear from the figure that the nonlinearity coefficient of the cladding and substrate have got profound influence on the power level as well as on the nonreciprocal effect of the structure.
The nature of power variation with variation in the frequency of the propagating wave at a particular ferrite magnetizing field is different from that with variation in the biasing magnetic field at a particular frequency. In the former case, as evident from Fig.12 and 14, the forward and backward propagation power variations with frequency are identical in nature. But in the latter case as it is said earlier, the nature of variation of forward and backward propagation power flow are different. Or, for this case, for forward propagation, the power increases with the magnetic field and for the reverse propagation, the power decreases with the magnetic field.





It is already stated that the power propagating in the structure diminishes considerably with increase in nonlinearity,  of the dielectric substrate or cladding. This aspect is shown in Fig.15, for the case . In this figure Log10 P is plotted against nonlinearity . In the permeability region  also, the power shows the same kind of variation with increase in  value.


 (
Log
10
 
P
)[image: ]

						







  Fig.15. Variation of power with nonlinearity, . Frequency is 5 G Hz, Biasing magnetic field is 0.057 Tesla, = 1.55. ,  and  = = 0.








4.3   LINEAR FERRITE AND NONLINEAR HALF SPACES
As mentioned at the beginning of this chapter, some works discussing wave propagation through double layer structures consisting a linear (magnetic or non magnetic) substrate and a Kerr-like nonlinear cladding are already reported [1-13]. In this part of the fourth chapter, a study on the propagation through such a structure is attempted with special focus on nonreciprocal and tunability properties. It is established that this structure is nonreciprocal, with respect to wave propagation and power flow and is magnetically tunable for TE mode of propagation.

 It is also established that the general dispersion relation formulated for the structure in Fig.16 will reduce to the same dispersion relation formulated by Boardman et al [1] for a structure with Kerr-like cladding, when the non linear power term  in our dispersion relation is put equal to 2. 
4.3.1   THE DISPERSION RELATION



The structure in Fig.16 consists of a nonlinear, non magnetic, semi-infinite dielectric cladding with linear refractive index  and a general nonlinearity power term . The linear substrate is of semi-infinite yttrium iron garnet with relative permittivity,. The structure is magnetized in the X direction and the TE wave is propagating in the Z direction. 
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Fig.16   Geometry of the waveguide structure.


All the analytical discussions done in the first part of this chapter regarding the derivation of electric field expression for the cladding is applicable here also and hence the equation (23), with appropriate argument modification is brought in, and is




		 =          		(43)
The symbols in equation (43) have the same meaning given in section 2.1. Here also it is assumed that the cladding is magnetically isotropic and its relative permeability is unity.
For the linear ferrite substrate, let the electric field expression for the TE mode is 



 = ,			          	           (44)

where  has the same meaning given in equation (7a). A and B in the above equations are proportionality constants.
From Maxwell’s equations, the Z component magnetic field in the cladding is given by (equation (26) with appropriate modification)





=							                   	           			(45)
and that for the linear ferrite is 



 = 		                      (46)
On applying the boundary conditions at the interface, a dispersion relation is obtained and it is given by



=                         (47)




In this general dispersion relation, if we put  = 2, the dispersion relation for the Kerr-like medium can be recovered and it is given by				=                              (48)
With the terms in the right hand side of equation (48) in the expanded form, this dispersion relation for the Kerr-like medium obtained from the general dispersion equation (47) is exactly the same dispersion relation obtained by Boardman et al [1] describing the dispersion characteristics of TE waves propagating along the single interface of gyromagnetic substrate and Kerr-like nonlinear cladding.
3.2   NUMERICAL RESULTS AND DISCUSSION






The dispersion relation (40) is solved. In computation, the magnetic field,  is set at 0.057 Tesla and the saturation magnetization  is taken as 0.1750 Tesla. The gyromagnetic ratio is taken to be equal to 1.759. The nonlinear coefficient of the cladding and the substrate are taken as 1.55or its multiples. With the biasing magnetic field, 0.057 Tesla,  is between 3.2193 G Hz and 6.4949 G Hz  and in plotting the dispersion curves, frequencies in this range alone are considered.






The dispersion relation (47) is solved for various  values (1) , (2) , (3)  and (4)   and the forward propagation dispersion curves are plotted in Fig.4.17 for an initial parameter value = 0.1, and the corresponding backward propagation dispersion curves  are plotted in Fig.18.
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Fig.17. 	The dispersion curves corresponding to forward propagation. The four curves correspond to (1) ,(2) ,                 (3)  and (4) . =1.55 ,  and  = 0.1. 
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Fig.18. The dispersion curves corresponding to backward propagation. The four curves correspond to (1),           (2) , (3)  and (4) . =1.55 ,  and = 0.1

A comparison of figures 17 and 18 reveals that the propagation in the proposed structure is nonreciprocal. This is an important difference between propagation in structure I and II. In structure I, the propagation is reciprocal, since the forward and backward propagating waves find exactly the same optical environment, owing to the symmetry of the structure. But, here in structure II, the environment is different for forward and backward waves; the reason for nonreciprocal propagation.
It is obvious that the dispersion can be controlled with the structural parameters.
3.3   POWER PROPAGATION

To find the linear component of power corresponding to the ferrimagnetic substrate in structure II under consideration, one may use equation (38) with appropriate modification [changing the integration limit from (-d to d) to ( to 0)] needed for the situation and the modified equation is



 =  -              (49)


But from equation (44),  = . Therefore the linear power, after integration;



 =  - 		                     (50)
On applying the boundary conditions at the interface of the structure, one may get the normalizing expression (setting A = 1) for B and it is 

B = 	  		           (51)

The nonlinear power,  of the cladding for various nonlinearity values 0.5, 1, 2 and 4 are given in equations (32) to (35). And hence the total power of the structure in Fig.31 is


 = 				           (52)

An examination of equation (50) makes it clear that the linear power is nonreciprocal since a reversal of the direction of propagation or that of the biasing magnetic field will change the sign of its second term through that of  and hence the total power of the structure must also be nonreciprocal. 



In computing the power, the nonlinearity coefficient  is taken as 1.55 or its integral multiples. The initial parameter is set at zero. The refractive index of the cladding is set at 1.5 and the relative permittivity of YIG is taken as 15. The saturation magnetization of the ferrite medium is taken as 0.175 Tesla and the gyromagnetic ratio is taken as 1.759.


The numerical computation of power is done for both the permeability regions  and . It is found that in both the regions power propagation is nonreciprocal and magnetically tunable. Variation of power with frequency is also established. These results are very important as far as various optical applications are concerned. 



On comparing the power, computed for different nonlinearity values, it is seen that as the nonlinearity value  increases, the power of this structure also reduces, as it was the case for the structure I. As done in the previous section, here also the discussion is focused to two cases,  and . 





The dependence of power on signal frequency is presented in Fig.19. The two curves correspond to (1) =1.55 and (2)  = 21.55. The biasing magnetic field is 0.057 Tesla. 

The variation of power with nonlinear coefficient  is obvious in Fig.19. The power diminishes considerably when the nonlinearity coefficient is doubled.
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Fig.19. The variation of  power with frequency is plotted for two cases(1) =1.55 and (2) = 21.55. The biasing magnetic field is 0. 057 Tesla. , and  = 0.

Fig.20 is a plot between frequency for which  and the difference in power between backward and forward propagations. It is clear that the nonreciprocal effect increases with frequency.
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Fig.20. The non reciprocal effect in power is plotted. The biasing magnetic field is 0.057 Tesla.  = 1.55. ,  and  = 0. The frequency is set at 5 G Hz




The power reduces to very small values, few watts, when nonlinearity  value,  is increased to four. Fig. 21 shows this situation where power is plotted against frequency, in the permeability region, . The low power observed point to the importance of active research in the fabrication of artificial materials with suitable values for the parameters like  and .
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Fig.21. The variation of power with frequency.  and  = 0,  = , .


The plot in Fig.22 presents the dependence of power propagation in the structure on ferrite biasing magnetic field in the permeability region, . The two curves correspond to (1) forward propagation and (2) the backward propagation. For the forward propagation, while the magnetic field is increasing, the power increases but for the backward propagation when the magnetic field is increased, the power decreases. Thus it is clear that the power propagation in the structure is nonreciprocal. 
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Fig.22. The dependence of power propagation on magnetic field and the associated non reciprocal effect in power.  = ,  and  = 0. Frequency is 5 G Hz. The curves (1) and (2) correspond to forward and backward propagations. 


The same plot corresponding to the structure with cladding nonlinearity, is shown in Fig.23.
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Fig.23. The dependence of power propagation on magnetic field and the associated non reciprocal effect in power.=  ,  and  = 0. Frequency is 5 G Hz. The curves (1) and (2) correspond to forward and backward propagations. 


Nonreciprocal effect in power flow and the dependence of power propagation on ferrite biasing magnetic field is plotted in Fig.24, for . The two curves correspond to (1) forward propagation and (2) backward propagation. 
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Fig.24. 	The variation of power with biasing magnetic field is plotted for a frequency 2 G Hz. The two curves correspond to (1) forward propagation and (2) backward propagation. , ,  = 0,  = . 





As in the case of structure I, the power propagating in this structure also diminishes considerably with increase in nonlinearity  of the dielectric substrate or cladding. This aspect is shown in Fig. 25, for the case . In this figure, Log10 P is plotted against nonlinearity . In the permeability region  also, the power shows the same kind of reduction with increase in  value.
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Fig.25.  Variation of power with nonlinearity . Frequency is 5 G Hz, Biasing magnetic field is 0.057 Tesla, = 1.55.  and  = 0.
4. 	NONLINEAR FERROELECTRIC AND   LINEAR  FERRITE HALF SPACES
The newly developed ferroelectric material such as barium strontium titanate which has low loss and field dependent permittivity with linear filed term along with nonlinear field terms in the  permittivity expression has opened up new possibilities because of their suitability for electrical tuning [20-22]. In this section, the combined effect of ferrite and ferroelectric layered media in guiding electromagnetic wave has been studied. Dispersion relation for electromagnetic surface waves propagating along the single interface of ferrite substrate and nonlinear ferroelectric cladding has been derived, and is numerically solved. The dependence of power flow on frequency is also evaluated. It is found that the wave propagation in the structure is nonreciprocal. 
4.1  THE DISPERSION RELATION
The structure under consideration is given in Fig.26. The substrate (y < 0) is linear ferrite and the cladding (y > 0) is nonlinear ferroelectric. The ferrite material is subjected to biasing magnetic field B in X direction. With respect to the geometry of the structure, transverse electric (TE) modes, can propagate in Z direction. For TE waves, the nonzero field components are Ex, Hy and Hz. 

 (
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   Fig.26.  Geometry of the waveguide structure.

The electromagnetic behaviour of the ferrite medium (y<0) is characterized by the following permeability tensor,

	                                 (53)


where,                  , 	,


,             
The ferroelectric medium (barium strontium titanate) has a field dependent permittivity given by [21], 

,        (54)

where, a1 and a2 are nonlinearity coefficients and  is the permittivity of free space (For the Kerr type nonlinearity, a1=0). 
Now from Maxwell’s equations, the following wave equations can be constructed in the two regions:

;y>0   (55)

	;  y < 0      				                            (56)

where,			,

 ,
and k is the propagation constant.
The first integral of equation (4.55) can be written as 

, 

Or	 	           		(57)

where, 				, 	         	           (58)
and C is the constant of integration and it is set equal to zero as no waves are entering or leaving the cladding. 



If  =  and , then equation (4.58) becomes

	       	           (59)
Taking the square root of equation (59) and integrating using the table of integrals we get [23]


 = ,       	(60)

where  is the constant of integration.
On solving equation (60), we get


= A	           (61)



where, 		=  and A is a constant.



From Maxwell’s equation E  = H,  in the cladding,




  =     = 	      	           (62)


where,		 

		







It is assumed that  = 1.

For the linear ferrite, the solution to equation (4.56) is taken as 

,			           (63)
where,  B is a constant.



From the Maxwell’s equation, E = H, for the ferrite medium it can be shown that




 = 	       	           (64)


where,			     =  	
Now equating the tangential field components Ex and Hz at the interface, the following dispersion relation can be derived:

,	                  	           (65)
where, 









     

And		
As done in the previous cases, the propagation of power is computed using Poynting’s theorem and is given by

			            	           (66)
where, * indicates complex conjugation.	
4.2     NUMERICAL RESULTS





The dispersion relation (65) has been solved numerically. In computation,  is set to be equal to 0.05 Tesla and equal to 0.175 Tesla. The gyromagnetic ratio,  C/Kg. The nonlinear parameters  and are arbitrarily set equal to 3/2 and 2/3 respectively.



For magnetostatic wave propagation,  where the frequency falls in the region . However, in computation the other situation, that is,  is also considered. 

The variation of propagation constant with frequency is presented in Fig.27. The curves 1 - 4 correspond to four values of the nonlinear term  viz. 0.3, 0.5, 0.7 and 0.9.

As expected, the propagation in the structure is highly nonreciprocal. In order to explicitly present this effect, dispersion for forward and backward waves are plotted for one value of in Fig.28. This nonreciprocal property of the structure makes it suitable for signal processing applications.
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Fig.27  Variation of propagation constant with frequency. The four curves, 1-4 correspond to  = 0.3, 0.5, 0.7 and 0.9 respectively.

If we put nonlinearity coefficient a1= 0 in equation (54), then the dispersion relation becomes that for a Kerr-like medium and the corresponding dispersion curves are displayed in Fig.29. Here also the curves 1 - 4 correspond to four values of the nonlinear term  = 0.3, 0.5, 0.7 and 0.9. For higher frequencies, the propagation constant of the Kerr-like structure is larger than that of the non Kerr-like structure. 
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Fig.28	Propagation constants for forward and backward propagation, showing the nonreciprocal  effect. ( = 0.9)
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Fig.29 	Variation of propagation constant with frequency with Kerr-like Ferroelectric cladding. The four curves 1-4 correspond to  = 0.3, 0.5, 0.7 and 0.9 respectively.

The power flow in the structure is also studied and the variation of power with frequency is plotted in Fig.30. The power depends on frequency. Since the nonlinearity coefficient values assumed are comparatively high, the power is only of the order of milliwatts/m.
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Fig.30   Dependence of power on frequency for a structure with Kerr- like ferroelectric cladding.

5   GENERAL DISCUSSION AND COMPARISON
Three structures of general nonlinearity (1) nonlinear dielectric substrate/ferrite/nonlinear dielectric cladding, (2) ferrite/nonlinear dielectric cladding and (3) ferrite/nonlinear ferroelectric cladding have been studied in detail with special attention to power flow in the structures. Analytical dispersion equations applicable to generalized nonlinearity are derived and dispersion curves have been drawn for all the three structures. Expressions for power are also derived and the power propagation characteristics are numerically studied.


Of the first two structures, it is found that the wave propagation in the trilayer structure is reciprocal and that in the bilayer structure is nonreciprocal. The power flow in both the structures are found to be nonreciprocal and tunable with respect to frequency and biasing magnetic field, in both the permeability regionsand .




With respect to magnetic tuning of the first two structures in the two regions of effective permeability, the following points may be noted. In the region, on increasing the magnetic field, the power variation trend is in opposite directions for the forward and backward propagations. But in the region, on increasing the magnetic field, the power variation trend is in the same direction both for the forward and backward propagations. Another point is that for the same structural parameters, the power level in the region  is much greater than that in the region, . 









Magnetic tuning characteristics of power of both the structures are found to be depending on the initial parameter value  also. For all values of  other than zero, with variation in magnetic field, the wave index () is changing in both the regions,  and . But with = 0,  in the region , on changing the magnetic field, the wave index of the structures remains locked at a value a little above that of the linear refractive index of the cladding and at the same time there is variation in power. But with = 0, in the region, there is variation in wave index and power with variation in magnetic field.	


For both the cases,  and , at a particular frequency and at a particular magnetic field, the structures can be at two power levels (corresponding to the forward and backward propagations) and the power bistability (degeneracy) of the structures is established. This aspect makes the structures useful in optical switching and signal processing devices.




It is established that the power level of the structures very much depends on the nonlinearity power term ‘’ and nonlinear coefficient ‘’. For high values of  and , the power level is low. Thus focusing/defocusing effect is, needless to say, very much important in the design of many key components and devices.  



On comparing the behaviour of the two structures studied, the following points are also observed. As already mentioned, in the trilayer structure, the wave propagation is reciprocal while in the bilayer structure it is nonreciprocal. Both structures show power tunability with frequency as well as with magnetic field. The power flow in both the structures is non reciprocal. The magnetic tunability of the structures are identical in both the regions of . But with respect to frequency tuning of the power in the region , a difference in the behavior of the two structures is noted. For the trilayer structure, while increasing the frequency, a peak is appearing in the power spectrum and the position of this peak is far away from the boundaries of the so called frequency window where  is negative. But this is not appearing in the case of bilayer structure and for this structure, on increasing the frequency, power is steadily increasing. 
Parameters being identical, naturally the power level of the trilayer structure is greater than that of the bilayer structure.
In the trilayer structure, there is the scope for making asymmetry in the structure and the associated changes in the performance may be made use of and this is not possible in the case of bilayer structure. 
The propagation of electromagnetic wave in the third structure consisting a nonlinear ferroelectric cladding and linear ferrite substrate is also studied. A general dispersion relation is derived and the propagation in the structure is found to be nonreciprocal. The dependence of power propagation in the structure on frequency is also studied.
6.  SUMMARY
Three layered structures, viz., (1) nonlinear dielectric substrate/ferrite/ nonlinear dielectric cladding, (2) ferrite/nonlinear dielectric cladding and (3) ferrite/nonlinear ferroelectric cladding have been studied in this chapter. Dispersion relations have been derived and numerical results presented. Detailed discussion on power propagation has also been given. 
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