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Abstract

During the last few years, several investigations and studies have been
carried out on both nonlinear behavior of electromagnetic waves and nonlinear
magnetostatic surface waves. Recently, new artificial left handed materials
(LHMs) have been fabricated, where both permittivity and permeability are
negative.

These materials (LHM’s) have become important, because of its
scattering to the electromagnetic radiation in a unique manner and some useful
applications, for example, uses in the cellular communications industry,

antennas, filtering, and other electromagnetic devices are of great importance.

In this dissertation we investigate the properties of the dispersion of
nonlinear magnetostatic surface waves in LHM / ferrite structure. Maxwell’s
eguations and the boundary conditions have been used to derive the dispersion
relation.

Numerical and analytical approaches are implemented in order to find out
the characteristics of the nonlinear magnetostatic surface waves. The guiding
structure we considered consists of a linear gyromagnetic ferrite and left-handed
material. Numerical results are also illustrated. Obtained results could be used in

designing some future electromagnetic devices.



I ntroduction

Vector Veselago in his paper [1] published in 1968, postulated a material
in which both permittivity and permeability had negative real values, and he
showed theoretically that in such a medium, which he called “Left-Handed
(LH)” medium, the wave vector is antiparallel to the usual right-handed cross
product of the electric and magnetic fields, implying effectively negative

refractive index for such a medium.

Smith and his colleagues [2] in recent years have constructed a composite
medium with such features in the microwave regime, by arranging arrays of
small metallic wires and split ring resonator and have shown the anomalous

“negative” refraction predicted by Veselago.

Various features of this class of metamaterials, also known as “double
negative (DNG)” media, and many ideas and suggestions for their potential
applications are now being studied by many researchers [1-12].

In this thesis, the nonlinear magnetostatic surface waves propagating
along two various media containing a linear ferrite substrate and a left-handed
material cover have been studied. Maxwell’s equations and the boundary
conditions have been used to derive the dispersion equation. The outline of this

thesisis classified into four chapters.

Chapter 1 describes an introductory development of both the nonlinear
magnetostatic surface waves propagation along layered structures, and the

important properties and characteristics of LHM's.
Chapter 2 presents TE surface waves along a single interface of semi-
infinite linear ferrite (& = 1) and vacuum with (eo = Mo = 1). The dispersion

relation has been solved to find out the nonreciprocal nature of the propagation.



Chapter 3 examines the behavior of nonlinear magnetostatic surface

waves on two layers containing ferrite (Y1G) and left-handed material.

Chapter 4 includes analytical and numerical solution of the dispersion

relation which was derived in the previous chapter.



Chapter 1 Nonlinear magnetostatic surface waves

1.1 Historical development

Magnetostatic surface wave technology is widely used in practical
sophisticated devices for direct signal processing, such as bandpass filters,
resonators filters, oscillators, and circulators. Magnetostatic surface wave,
whose wavenumber lies in the range between electromagnetic waves and
exchange spin waves, was first considered theoretically (Damon and Esbach
1961) in a gyromagnetic ferrite slab [Yttrium Iron Garnet (Y1G)] magnetized in
the plane of its faces, propagating in a direction transverse to the applied static
magnetic field [12].

Magnetostatic surface waves on different magnetic layered structures
have been investigated in the voigt geometry by several researchers (Lax and
Button 1962, Sodha and Srivastava 1981) [13].

Shabat [13] has computed the dispersion relation of strongly nonlinear
magnetostatic surface waves in a grounded ferrite (YIG) film bounded by a
nonlinear dielectric cover. It is found that the dispersion can be tuned and
controlled by selecting the film thickness in both directions of propagation,
where non-reciprocity is obtained. The effect of applied magnetization is also
discussed.

The general dispersion relation for strongly nonlinear magnetostatic
surface waves in a gyromagnetic (YIG) film is also analyzed theoretically by
Shabat [14] and calculated for different values of the cover-film interface
nonlinearity. The difference between the phase constants for forward and
backward propagation direction against the film thickness has also been
computed at different values of the signal operating frequency. It has been found
that the differential phase constant or the non-reciprocity can be minimized for

the smaller operating frequencies and relatively thick films.
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1.2 Nonlinear electromagnetic waves

There is a considerable interest in the exact properties of strong
electromagnetic waves propagating in layered structures in which one or more
medium is nonlinear. Many weakly nonlinear guided wave optical devices have
been proposed. This is based upon the concept that the intensity of the nonlinear

guided or surface waves controls only the propagation wave index [15-17].

Bordman et al [18-19] have extended the study of the properties of strong
nonlinear surface waves from infrared to down to microwave frequencies. They
derived an exact theory of electromagnetic waves propagating along a single
interface between a linear ferromagnetic substrate and a strongly nonlinear
artificial paramagnetic cladding. The main conclusion is that both TE and TM
waves can propagate even if such propagation is forbidden in the linear, low-

power limit.

At the present time, little seems to be known about solutions of Maxwell’s
eguations that describe the propagation of surface or guided waves in nonlinear
structures that involve linear gyromagnetic media. In addition, almost all of the
exact studies of TE and TM nonlinear surface waves or polaritons have been
based on frequency-independent dielectric constants and attention has focused
upon the infrared region of the spectrum [19, 22].

As a background in this chapter, we are going to review few important
works which concerns with magnetostatic surface waves, LHM and a ferrite
(Y1G).

1.3 Strongly nonlinear magnetostatic surface waves in a grounded ferrite
film

Shabat [14] has investigated theoretically the new strongly nonlinear
magnetostatic surface waves in the Voigt configuration for a Y1G substrate and
nonlinear dielectric cover. The nonlinearity of the dielectric cover is much
stronger than the weak nonlinearity of the YIG substrate, so that the weak
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nonlinearity of YIG can simply be neglected and the magnetostatic
approximation will also be used. Waves will be in a direction transverse to the
applied magnetic field. The properties of the dispersion of nonlinear
magnetostatic surface waves in a grounded ferrite film were investigated. The
new approach might be integrated and extended to study the amplification of
nonlinear magnetostatic surface waves though their interaction with drifting

carriers of the semiconductor.

The ferrite occupies the region O£ z£d which is grounded at z = 0,
bounded by the nonlinear cover of the space 22 d. We present the dispersion
equation for stationary TE waves propagating in the x-direction with
propagation wave in the form exp [i(kx—2xnft)]. The magnetic permeability
tensor of the gyromagnetic ferrite (Y 1G) substrate is described as:

em, 0 m,o
_¢ H
mw)=¢ 0 m, 0 - (1.1a)
&m, 0 my
Where:
_av(w, +w)- w2 6 — WWin
”Lx—msg ° V(zlg_wz = ma—'mawg_wz (1.1b)

and g is the usual Polder tensor elements,

o isthe angular frequency of the supported wave,

®o = WoHo , ®m = oMo , Ho is the applied magnetic field,

y= 1.76x10" S*'T is the gyromagnetic ratio,

My is the dc saturation magnetization of the magnetic insulator and pg has been
introduced as the background, optical magnon permeability.

The ferrite has also a dielectric constant & . The dielectric function of the
nonlinear dielectric cover is assumed to be Kerr-like and isotropic, it depends on

the electric field and can be written as for TE waves, e™ =e, +aE;, where the &
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is the linear part of the dielectric function and a the nonlinearity coefficient. The

conventional magnetostatic potential ¥ from Maxwell’s equation [14],

H =NY (1.29)

Y = Asinh(kz)expli(kx- 2pft)] (1.2b)
For the TE magnetostatic wavesin a Y |G can be written as:

ht = iky (1.2¢)

h® = - ikAcosh(kz) expli (kx - 2pft)] (1.2d)

ey = @ (- m.h, +m,h,) (1.26)

The field components of the wave in the nonlinear cover can be obtained:

12

()= 1220 K,
k&g coslk,(z- z)

Where kg = 2af / ¢ and z, is a constant to be determined from the boundary

(1.39)

conditions, and:

k

W)= K il 2D
k

h)(z)=- 2pfm, EX)(2) (1.3c)

Applying the boundary conditions, the complete dispersion equation is found to
be:

m, cothkd + Sm, 0
m.m, o

Where m, = (mfx - mfz)/ m,,S=+*1S=1stands for the propagation of the waves

tanh(k,z,) = ée (14a)

in forward direction, and S=-1 for the propagation of the waves in backward
direction. In terms of the interface nonlinearity, the dispersion equation is

written as:



Chapter 1 Nonlinear magnetostatic surface waves

_ & m,cothkd +8m, 0
m,m, o

Where (a/2)EZ(d) is the interface nonlinearity at z = d. In the linear limit, we

2 E2(d)=1

5 (1.4b)

get [14]:
-2kd [1+ (rrxx - erz)][l"' (rrxx + Srrxz)]
[t (m, +sm)t- (m, - sm.)]
The dispersion relation or the propagation characteristics are shown in
Fig.(1.1) for different values of the film thickness. All of the dispersion curves
shift to the left rapidly for higher values of the film thickness in both directions

(1.4c)

and after a while shift to the right for the backward wave direction. The fast shift
Is due to the effect of the nonlinearity of the cover, which did not happen in the

linear case.
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Fig. (1.1): Computed dispersion casein @) forward and b) backward wave direction at (3 /2)E§(d) =0.6,
m,H, =005 T, m, =1.25, mM, =0.1750T. e, =1,e, =2.25, g=1.76" 10"rads* T, (1)
d= 05 (22, (3)5,and (4) 10 um
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1.4 Nonlinear magnetostatic surface wavesin a gyr omagnetic film

The purpose is to report in detail the approach and the results of a new
type of strongly nonlinear magnetostatic surface wave in a YIG film, bounded
by a nonlinear cover and a dielectric substrate [13]. The numerical results for the
strongly nonlinear magnetostatic surface waves in a Y1G film are also presented
and discussed, especially the dispersion characteristics and the difference
between the phase constants of the wave propagation in the two directions. It has
been shown that the non-reciprocity can be minimized for smaller operating
frequencies and relatively thick films. These calculations might be useful and
important for accurate modeling of future magnetostatic surface wave device

performance.

The geometry and coordinate system used is as shown in Fig.(1.2), and
the magnetic permeability tensor of the gyromagnetic ferrite (YIG) substrate is
as described before. The ferrite has also a dielectric constant &. The dielectric
function of the nonlinear dielectric cover is assumed to be Kerr-like and

Isotropic, it depends on the electric field and can be written as for TE waves,

e =e, +aE;, where the ¢ is the linear part of the dielectric function and « is

the nonlinear coefficient.

3 Nonlinear cover

2 Td Ferromagnetic

(1) Dielectric substrate

Fig. (1.2): Coordinate system for a ferrite (YIG) film bounded by a nonlinear cover and a
dielectric substrate, the applied magnetic field isin the y-axis.

-6-
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The important restrictions and assumptions made in the analysis are listed below
[13]:

(1) The magnetostatic approximation N° H =0 is employed in the
gyromagnetic and substrate media, and the magnetostatic range is
imposed where k3 w/c.

(2) Nonlinear effect in the gyromagnetic film is neglected compared with the
dominant nonlinear effects in the cover medium.

(3) The magnetostatic approximation N~ H =0 is not employed in the
nonlinear medium, because the electric field in Maxwell’s equations
cannot be ignored and therefore the magnetostatic approximation is not
valid, but the magnetostatic range can be applied.

We seek solution of Maxwell’s equations for the TE (s-polarized) waves in the
three layers taking into account the above restrictions and assumptions.
In alinear dielectric substrate, ¥ can be written as:

Y = 5 expliz)expli(loc- 2pft]] (1.58)

Where a; is an amplitude coefficient determined from the boundary condition

ht =jky ® (1.5h)
ht =iky @ (L.5¢)
&) = W: > h{Y (1.5)
and in the yttrium iron garnet film,
Y =, explkz) + b, exp(- k)] explifkx- 2pft)] (1.68)
hi?) =iky @ (1.6b)
h® =-ik[a, exp(kz) - b, exp(- kz)|exp|i(kx- 2pft)] (1.6¢)
& = W: 0 (- m,h +m,h?) (1.6d)
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Where a, and b, are amplitude coefficients determined from boundary

conditions. From Maxwell’s equations for the nonlinear dielectric cover, we get:

q .
- E E, =iwmH, (1.7a)
kEy =- Wrn)H , (1.7b)
: ﬂ _ NL
-ikH, +—H, =-iwee " E, (1.7c)
9z
Eliminating Hy and H, from Eqg's.(1.7a) and (1.7b) and using Eq.(1.7c) give the
result:
T E@- (- Ke)E,(2)+KaEND) =0 18
02 3/&y y\&) = (1.89)
Consider the wave vector in the magnetostatic range ask 3 (w/clel?; so
2E 7 2
! yz( ). K?E, (2)+~;aE3(2)=0 (1.8b)
9z C
The solution of the wave equations (1.8b), which falls to zero as z goes to
infinity
128" K
E¥(z)==E2 1.8c
Mk ol 2) (189
k
h®(z) = - ——tanh[k(z- z)|EV
)=y rennlk(z- % )JE7(2) (1.8d)
r(z) = EV(2) (189
z Wm, y .

Applying the boundary conditions, the complete dispersion equation is found to
be [13]:

_ [t u(my, - sy )L+, + Sm )
~[2- u(m, + sm, )i (m, - sm, )]

exp(- 2kd) (1.939)

Where U :tanh[k(d - ZO)] varies from zero to unity, according to the

values of the cover-film interface nonlinearity. Noting that the reversal of the
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sign of Yy, changes the dispersion relation, this implies that the dispersion
relation of the nonlinear magnetostatic surface waves exhibits the non-
reciprocity phenomenon.
Inthelinear limit u= 1 or a = 0, we get the dispersion equation
— [1+ u(”)« B S’sz)][l-l- (”xx + S’sz)]
[1- (m, +am, )[L- (m, - sm, )
This is the dispersion equation for magnetostatic surface waves in a single

ferrite (YIG) film derived by Damon and Eshbach (1961) and Sodha and
Srivastava (1981), as mentioned in [13].

exp(- 2kd)

(1.9b)

fiGHz)

Fig. (1.3): Computed dispersion curves for severa values of the nonlinear teemu (d= 1 cm; poHo = 0.1 T;
Mg = 1 poMo = 0.1750 T; & = 1; y= 2.7 MHz Oe’): curve 1, u = 1; curve 2, u = (0.9)Y% curve 3,
u=(0.7)Y% curve 4, u= (0.5)*2.

The propagation characteristics of strongly nonlinear magnetostatic
guided by a YIG film is computed by solving eq.(1.9a) for different values of
the nonlinear terms u shown in Fg.(1.3). Curve (1) represents the linear
dispersion relation of the magnetostatic surface waves, as the linear terms equals

unity.

The differential phase constant or the phase shift Ap between the counter-
propagation waves is calculated from eg.(1.9a) as[13]:

b, = L jdLru(m,- Sm,)lL+(m, - Sm, )0

* = 20k 8- u(m, - S (.- SmlE
Where bJ_r :ki/koand Db =b_- b+

(2.90)
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Fig. (1.4): Computed difference between the phase constants for wave propagation in the two directions
(u=07;d=21cm; ug=1; poHo= 0.1 T; oMo = 0.1750T; = 1; y= 2.7 MHz Oe'l): curvel,
f= 4.7 GHz, curve 2, f = 48 GHz, curve 3, f = 4.9 GHz.
Fig. (1.4) shows the differential phase constant or the phase shift Ag of the
wave propagation in the positive and negative x-directions (forward and
backward) against the film thickness of the YIG film for different values of

signal operating frequency.

1.5 Conclusions
For m £0 which is the region of interest, the frequency lies within the

range from +/ f0< f, + fmj to f, + f,,. The dispersion curve in the forward wave
direction originates at the point f = fof fo, + fm5 and terminates at

f, = fo+ f.,/2. While the dispersion curve in the backward wave direction

originates at f; and terminates at f; = fy + f,,, where f; , f, and f; have the same

values as for the linear propagation characteristics of the waves.

All of the dispersion curves [14] shift to the left rapidly for higher values
of the film thickness in both directions and after a while shift to the right for the
backward wave direction. The fast shift is due to the effect of the nonlinearity of
the cover, which did not happen in the linear case. Both figures (1.3) and (1.4)

show the nonreciprocal behavior, which is very important if one wants to design

-10-
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microwave devices as isolators, switches, and oscillators or for use in

microwave signal processing technology.

It is shown [13] that the three-layer structure exhibits minimum non-
reciprocity in the propagation constant that is A§ becomes a minimum, when the
structure has thicker film and a smaller operating frequency, especially near the
resonance frequency f; . This means that the value of the non-reciprocity can be
tuned and controlled by adjusting the signal operating frequency and the YI1G

film thickness.

1.6 Development of (LHM's)

Left-handed materials (LHM's) with negative both magnetic permeability
(1) and dielectric permittivity (¢) have recently attracted a great deal of attention
because of their promise for its applications in different fields. So, these
materials have a negative refractive index, which implies that the phase and

group velocities of the propagating electromagnetic wave oppose each other.

This property of these LHM's is responsible for their anomalous physical
behavior. Since materials with negative refractive index do not naturally occurs,
they have to be artificialy constructed in the form of metal rods and split-ring

resonators [3].

Theoretical studies on electrodynamics of media with negative
permittivity (¢) and negative permeability (1) are back to the 1940s — 1960s.

The spin-wave modes of magnetized thin film also analyzed by Damon
and Eshbach in 1961 [12], where a tangentially-magnetized film is known to
exhibit backward wave behavior within a range of angles around the direction of
the bias field.

Earlier in 2000, Shelby et al. [4] announced that they had developed a
left-handed material for the first time, using the array of wires and split-ring
resonator as described by Veselago [1]. That is a beam incident on a left-handed

-11-
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material (LHM) from an ordinary right-handed medium (RHM) was shown to

refract to the same side of the normal as the incident beam.

Pendry predicted [5], at radio frequencies, an array of parallel wires
would behave like a material with negative permittivity (¢), and an array of C-
shaped circuits known as split-ring resonators would behave like a material with
negative permeability. By constructing an array consisting of both wires and
split-ring resonators, the group created a “material” with negative (U,e) at

frequencies around 10 GHz.

1.6.1WhatisLHM's?

In general, materials have two parameters, permeability (u) and
permittivity (¢) that determine how the material will interact with
electromagnetic radiation, which includes light, microwaves, radio waves, even
x-ray. A Left-Handed material is a material whose permeability and permittivity
are simultaneously negative (¢ < 0, u < 0), (i.e., ExH lies along the direction of —

k for propagating plane waves) [3].

The general form of the negative effective permeability, Y« (@) and
effective permittivity &4 (w) has been studied by Pendry et a. [6-7] and
described as:

Fw?

w? - W, +iwG

m, (W) =1 (1.10a)

Where, wq is the resonance frequency, I' is the damping parameter and F is
constant.

2 2
W, - W,

And e, (w)=1- (1.100)

w? - w. +iwG
Where, o, is the plasma frequency, o is the resonance frequency and I' is the

damping parameter.

More evidently, it has been found in LHM’s the wave vector of a

monochromatic plane wave is reversed in comparison with what it should have

-12 -
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been for RHM. That means that if the vector E is along x-axis and the vector B
Is along y-axis, in the RHM the electromagnetic wave will propagate aong z-
axis, while in LHM the wave propagate along — z-axis. Figs. (1.5a 1.5b)
respectively show this propagation.

In addition, index of refraction n being negative tells that the direction of

energy propagation is opposite to the direction of plane wave motion.

Fig. (1.58)

Fig. (L5b)

Figs. (1.5a), (1.5b): shows the propagation of wave vector along RHM's and
LHM's respectively

-13-
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1.6.2 Fabrication of LHM’s

Until now the theoretists did not find a natural material characterized by
negative permeability (1) and negative permittivity (¢), but these materials are
fabricated [2], and named artificial materials.

For example, photonic crystals and metamaterials are currently being
investigated for such left handedness of EM wave, while a few other artificial

materials are feasible.

) Photonic crystal
Photonic crystal is an array of either dielectric or metallic rods or holes in
a dielectric medium. The photonic crystal can be designed to possess |eft-handed
behavior in a chosen frequency of interest, for example optical to microwave
frequencies. Fig. (1.5¢) show the formation of fabricated photonic crystal.

Fig. (1.5 c): shows the fabricated photonic crystal.

1) M etamaterials
This material was fabricated by interleaving split ring resonator (SRR)
and metallic wire strips (WS) [3-4]. Using lithography techniques to produce
arrays of split ring resonators (SRR) on one side and wire strips (WS) on the
other side should result in an effective negative permeability and negative

-14-
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permittivity material. This material has negative index. Fig. (1.5d) show the
picture of fabricated of metamaterial.

Fig. (1.5 d): shows the fabricated metamaterial.(SRR)

1.6.3 Application of LHM’s

Every one believes that when one creates a new material that scatters
electromagnetic radiation in a unique manner, some useful purpose will be
found. For example, uses in the cellar communications industry, where novel

filters, antennas, and other electromagnetic devices are of great importance.

1.7M.SSW’sand LHM’s

In this thesis, we investigate the properties of the dispersion of nonlinear
magnetostatic surface waves between two media, one of which is left-handed
(LHM) with both (u < O, ¢ < 0) and the other is a gyromagnetic (ferrite)
medium. We investigate theoretically the behavior of magnetostatic surface
waves on left-handed materials. We derive the dispersion equation and solve it

numerically.

Finally, we hope the obtained results could be used in future work in

opto-microwaves technology.

-15-



Chapter 2 Surface polaritons on semi-infinite gyromagnetic media

2.1 Introduction

In this chapter we give a survey to the work of R. F. Wallis [23] on semi-
infinite magnetic media, since he considered the surface polaritons as TE-
modes. We follow his mathematical approach and derive all the obtained
dispersion relations. We make a numerical computation in order to calculate the
propagation characteristic of the nonlinear dispersion equation. Also we discuss
the case of surface polaritons on ferromagnetic metals, which have a dielectric
tensor function of the general form of equation (2.40). The first-layer structure

exhibits the non-reciprocity, while the other is not.

2.2 Case one: vacuum / ferrite media
2.2.1 Theory and dispersion relations

Fig. (2.1) shows the coordinate system used. We assume that the space
above the medium to be vacuum (g = Mo = 1) and a semi-infinite medium

characterized by a gyromagnetic permeability tensor as aferrite (Y1G).

Y
A
medium (2) vacuum
&=Ho=1
» X
medium (1) Linear ferrite
(semi-infinite)
g=1

Fig. (2.1): Coordinate system for a single interface between a vacuum and a linear
ferromagnetic.

Only TE-modes are going to be considered and propagate along x-axis with
wave number (K) and angular frequency . The gyromagnetic ferrite substrate

in this case has magnetic permeability tensor as:

-16 -



Chapter 2 Surface polaritons on semi-infinite gyromagnetic media

amx m, Oo
mw)=¢m, m, 0= (2.1)
€0 0 myp

We consider a single domain ferromagnetic insulator magnetized along
+ 7 axis by an external static magnetic field Hq. So, this field may be zero and we
take L and P to be real, and iy, to be pure imaginary. Also, we take p (o), the
Voigt configuration magnetic permeability function given by:

m,(w)=m, +% (2.1a)
2.2.2 The electric and magnetic field components
I) For the vacuum cover: medium 2
In this case, Maxwell’s equations lead to a wave equation and divergence
eguation as shown:
R2H - NRLH - 2 @ =0 (22)

C2

N.mH =0 (2.3)
Now, we can consider that the surface polariton will be a TE mode with

E/l'Z (Hz = 0) and attenuating exponentially away from the surface.

H =H, explikx)exp(- agy)exp(- iwt)  y>o (2.4)

H = H, exp(ikx)exp(a,y)exp(- iwt) y<0 (2.5)
Where o, K, ap, oy are al constrained to be real, and the subscripts 0 and 1 refer
to the vacuum and medium respectively.
Substituting Eq. (2.4) in Eq. (2.2), we get:

=5 O | | G NN m ?

gﬂxz + ﬂyz + = ;H NN.H - —z."— =0 (2.6)

NN.H =0 (2.7)
2

(— k> +a’H + lTiVZV H=0 (2.8)

-17 -



Chapter 2 Surface polaritons on semi-infinite gyromagnetic media

Where, Y, for vacuum = 1, then:
e 20
g- k2+a§+W—ZiH =0 (2.9)
C' g
Which this leads to the first dispersion relation,

2
w
7 k’+aZ=0 (2.10)

I1) For theferrite substrate: medium 1

The ferrite has a permeability tensor as shown in Eqg's. (2.1) and (2.14).

Using Maxwell’s equation we get:
N" E =iwm,nm(w)H (2.11)
N° H =-iwese, (W)E (2.12)

From Eq. (2.11), we have:

~

LK em, my 00 g
ik T olziwvme 0= Sy =
! 1y = IWmpe- m, M, T gHy = (2.13)
y + +
0 0 E, €0 0 mpg0g
Then the electric and magnetic field components,
E, .
ﬂﬂyz = iwm,(m,H +m H, ) 214
- 1KE, :iwm)(- %Hx"‘”LXHy) (2.15)
Similarly, from Eq. (2.12), we have:
rT ok 20 §
: 1 . ¢ -
ik — 0O=-iwee;c0 -+ (2.16)
Ty E =
H, H, 0 &E. 5
Then,
: H, :
ikH, - ﬂ—y =-iwese, E, (2.17)
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Chapter 2 Surface polaritons on semi-infinite gyromagnetic media

Multiplying Eq. (2.14) by pw and Eqg. (2.15) by py., then Eg. (2.14) and Eq.
(2.15) become:

E, .
nk%j=wmﬂ@&hﬂmeHJ (218
ikm, E, :iwm)(mfyHX+manyHy) (2.19)
By adding Eq. (2.18) and Eq. (2.19), we get:
%ﬂ%+M%&=M%@@H@Wx (2.20)
Then we have:
1€, ..My _ _.
—2+ik—E, =iw H, 2921
fy e 220
Where, M, = (ﬁfx + mfy)/ m, (2.21a)
In the same way, multiplying Eqg. (2.14) by uy and Eqg. (2.15) by (- m,), we get,
E . ,
'mgﬁzmﬁhwmm+mﬁJ (222)
- ikm,E, =iwm(- mym H, +mH ) (2.23)

By adding Eq. (2.22) to Eq. (2.23), we get:

%E' ikm,E, = iW”B(fo + nfy)Hy

Ty
dividing (2.24)
By both sides by ., we obtain:
m,1E, .. _ _.
——=2-|kE, =iw H
my 1y T
(2.25)
Where, M, = (I'T’fX + I'Tfy)/ m,, (2.253)
Differentiate Eq. (2.21) with respect to y gives,
2
E
TS ik Mo T oy, MM (2.26)

Ty m, Ty Ty
But from Eq. (2.17) and Eq. (2.25), we have respectively,
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Chapter 2 Surface polaritons on semi-infinite gyromagnetic media

™, _. .
Ty —|kHy +iweye; E, (2.27)
e, .. m, m,

=ik—=E, +iw H 2.28
Ty m, mm,— m, (2.28)

Substitute both Eq's. (2.27) and (2.28) in Eqg. (2.26), we obtain:

5 ik |km‘X E, +|wm)m, * H ——lwm)m,(kHy+iweoesz) (2.29)

ﬂy Mg My My o
T°E, - _ 2
2 - K°E, - kvmmH  =-wmmkH - w'mmese E,
2
ﬂﬂyEzz - K’E, +w’mme.e E, =0 (2.30)
1°E,
v i (kz - wime,me; )Ez =0 (2.32)
Let C—lz =me, and =1 (2.314)

Substitute EQ. (2.31a) in Eq. (2.31), we get:

ZE 2
ﬂ‘ﬂyzz ] ?‘2 ) Wz ”L‘E =0 (2.32)
W2
Leta; =k?- =M (2.323)
with m, = (g, +ng, )/m, (2.32b)
Finally, we get on the differential equation in terms of E,,
1°E
“+aE, =0 2.33
W 39
The solutions of Eq. (2.33) for the field components Hx(y), Hy(y), EAY) are:
E, =Ee™ (2:34)
e km, +i o
H,(y)= g M * 1k, (2.35)
iwmym,m, ra
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Chapter 2 Surface polaritons on semi-infinite gyromagnetic media

ak,m, +ikm 0o
H,(y)=-§ Ty iF, (2.36)
IwWmm,m, g
Where Ey isthe total electrical field in region (1).
From equation (2.32a), we can get the second dispersion relation,
W2
M- k*+a =0 (2.37)

Where, M, =M, + n'ﬁ//mo( is the permeability for propagation in the Voigt
configuration.
Substitute both Eg's. (2.4) and (2.5) into Eg. (2.3), and applying the normal
boundary conditions on B and H and solving simultaneously, we obtain a
relationship between oy and oy which is named the third dispersion relation as:
ik
M,
Finally, by solving both Eqg's. (2.10), (2.37), and (2.38) simultaneously, we end

a, =-a,Mm - (2.38)

up with the complete dispersion relation:

ke _ gdm - m,m, - Jm, -+ 2ng, £ 2im, [(m, - m,m - J]* 8
w? g (m.m, - 2)° +4n, 5

In general, Eq. (2.39) has two physical solutions for w(k). The first solution

(2.39)

shows the nonreciprocal propagation as shown in Fig. (2.3) and the other is

unexpected, because there is no propagation in its case.

2.3 Casetwo: surface polaritons on ferromagnetic metals

In case one, we have treated the case where gyrodielectric medium
e(w) = 1. But in the second case we consider the dielectric tensor function of the
general form, such ferromagnetic metal as:
®, €, 0 0

g :
ew)=Ce, e, 0= (2.40)

S0 0 e,y
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Chapter 2 Surface polaritons on semi-infinite gyromagnetic media

Since, for isotropic medium the only component of &(w) which enters into
the magnetic dipole surface polariton in Fig. (2.1) is 4 [23].

In particular, we consider the surface polariton is TE mode as in EQ's.
(2.4) and (2.5) of the case one, with E//Z and therefore only s, component
couples to E. We follows our analysis such as in the previous treatment (case

one), then we get anomalous dispersion relations like Eq. (2.37).

2

?rn/ezz- k2+a_12 =0 (241)
Hence, we get the complete surface polariton dispersion relation which is given
by:

e’ _ &m - e,)(m,m - Ym, +2nf, + 2im, [m.fe2m, - e, (m,m - )+ m,ff*2
w? ¢ (m,m, - 2 +4n7, p

(2.42)

With €, eogl- (2.41a)

Where o, is the screened plasma frequency, & is the high frequency electric

dipole excitations, and:

ae-’lpne

,1/2

w, (2.42b)

Wherem' denotes the effective mass of electron.

Finally, we notice that Eq. (2.42) is similar to Eq. (2.39) but the difference
IS the presence of &, &«, & instead of P, Py, My respectively.

Wallis [23] said that the bulk propagation in the case of ferromagnetic
metals does not occur when &,(w) and U(w) are both positive, while when &,()
and () are both negative the propagation occurs under appropriate parameters
for a ferromagnetic metal.

Furthermore, the general electrodynamics of bulk polaritons in a medium
with simultaneously negative values of ¢ (o) and p(w) will be discuss in the next
chapter as discussed by Veselago (1968) [1-12].
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Chapter 2 Surface polaritons on semi-infinite gyromagnetic media

2.4 Conclusions

A complete dispersion relation is derived [Eg. (2.39)] in the case one
between a surface polaritons on a semi-infinite medium, where only one
boundary (ferrite / vacuum) and another anomalous dispersion eguation is

derived also [EQ. (2.42)] between ferromagnetic metal and vacuum.

After numerical analysis using software program [24], and for m £0,

which is the region of interest as in Fig. (2.2), where the frequency lies within
the range 3.5 GHz and 55 GHz. The dispersion curves (a) forward, (b)
backward in Fig. (2.3) which are the relation between the frequency f (Hz) and
the wave vector k (m™). Also, Fig. (2.3) shows both wave propagation backward
and forward for S=z+1 respectively. This propagation represents the

nonreciprocal behavior.

While in case two the non-reciprocity does not occur between

ferromagnetic metal and vacuum [23].

f (GH2)
48 g 52 5.4 56 58

4107

Fig. (2.2): shows the effective permeability p, asafunction of frequency f. poHp=0.05T, pg = 1.25,
MoMo=0.1750 T, y = 1.76 x10" rad s* T*
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Chapter 2 Surface polaritons on semi-infinite gyromagnetic media

053 07 072 074 k (m?)

068 07 072 074 k (m?)

058 07 0.72 o k(m?)

Fig. (2.3): shows the computed dispersion curvesin (a) forward, (b) backward and (c) both wave
propagation. poHg=0.5T, Pg = 1.25, oMo =0.1750 T, y = 1.76 x10" rad s* T*

=24 -



Chapter 3 Nonlinear magnetostatic surface wavesin a LHM

3.1 Introduction

The nonlinear magnetostatic surface waves that propagate along the
planner interfaces between different media, in cases where at least one of the
media is LHM, have attracted much attention in recent years [8]. The genera
theory for two media has been investigated [23], and the dispersion relation is
derived and analyzed numerically between ferrite-vacuum media. In this
chapter, we derive a new-exact analytical dispersion relation of magnetostatic
surface waves. These waves are considered to propagate in layered structure

containing a semi-infinite linear (ferrite substrate) and a left handed material.

The left handed material characterized by [7]:

2

=

Fw
Y 2
wW* - Wy

2
my (w) =1 ey (W)=1- —% (3.1)

WhereF = 0.56, oo/ 2r= 4 GHz , and we,/ 27 = 10 GHz

3.2 Theory and dispersion relations

The guiding structure that considered consists of a linear semi-infinite
ferrite substrate assumed to be Y1G, and a left-handed material withe <0, u<0
cladding in constant everywhere on the z = 0 plane. We consider TE s-polarized
waves that propagate in the x-direction with wave number k and angular
frequency o. The applied magnetic field is normal to the wave propagation and
the z-axis is perpendicular to the plan separating the structure layers as shown in
Fig. (3.1).

Z
A
(2 L.H.M. cover
(He <0
»X
(¢D)] Linear ferrite cladding
(semi-infinite)

Fig. (3.1): Coordinate system for the single interface between LHM and a linear ferrite cladding,
the applied magnetic field isin the Y -direction.
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Chapter 3 Nonlinear magnetostatic surface wavesin a LHM

3.2.1 For theferrite substrate
The magnetostatic potential ¥ of the magnetostatic surface waves in the
YIG filmiswritten [8] as:
Y @ = Aexp(kx)e ) (32)
The relevant component of the magnetic fields for the TE magnetostatic

waves in the Y1G can be written after considering the phase difference as:

ht = ikAexp(kz)e!>™) (3.20)
h¥ = - ikAexp(kz)e!t* " (3.20)
&) = W: > ( Sm,h + ”Lxhﬁl)) (3.20)

Where S=+1, S = 1 stands for the propagation of the waves in forward

direction, and S = -1 for the backward direction.

3.2.2 The electric and magnetic field componentsin LHM
Using Maxwell Equations, we get:

N° E =iwmm, (w)H (3.3)
N° H =iwee, (W)E (3.4)
Where the effective permeability and the effective permittivity both are

less than zero.

Considering the electric and magnetic field of TE wave propagation in the

x-direction can be written as:
E = (0, E,,0)explik,(bz- ct)] (35)

H =(H,,0,H,)explik, (bz- ct)] (36)

k . . . .
Where b =— is the complex effective wave index constant, k, is the wave

Ko

number of free space, and c is the velocity of light in free space.

The complex effective wave index constant can be written as:
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Chapter 3 Nonlinear magnetostatic surface wavesin a LHM

b =Re(b)+ilm(b) (3.7)
Where Re(p) is the reduced phase constant, and Im (p) is the reduced attenuation
constant.
From Eq. (3.3) we get:

~

85 ] ; 0 ?"XQ
Gk 0 ——T=iwmm, (W) cO - (3.8)
¢ flz~ -
0 E o &H. 5
The components of the electric field and magnetic field are:
- _ ’
1z IWITH My F (3.9)
From Eq. (3.9), we get:
L TE,
X Wi m,, ﬂZ (3.99)
Similarly,
iKE, =iwnm,mg H, (3.10)
From Eg. (3.10), we get:
k
H, = E
z WrrbrrLH y (3.10a)
Applying Eg. (3.4) then the components of magnetic field is:
o1 kD 20 ©
gik 0 %:: iwee, (W) S, (3.12)
o 05
gH, 0 H,Z
From Eq. (3.11) we get:
aT’kH _IH. 6. E
ﬂz == iwe €ar (W)E, (3.12)
: MH, _ .
-ikH, + o -weey E, (3.13)

Substitute both Eq's. (3.9a) and (3.10a) in Eq. (3.13) respectively, we obtain:
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Chapter 3 Nonlinear magnetostatic surface wavesin a LHM

i o E U
|k —E +—§ o (1= - iwegey E, (3.14)
WMy & WMy & fz 4
Multiplying Eqg. (3.14) by ouoM«s, We get:
2
E
- k’E, + ﬂﬂzzy =-we,mnyeyE,
TE, . 2 _
e K°E, +w'me,mue4E, =0
1°E
ﬂzzy - (kz - Wi meoMy €y )Ey =0 (3.15)
2 _ W’ 1
But k; = p where, =z e,m (3.159)
And k = kofs (3.15b)
Substitute both Eq's. (3.15a) and (3.15b) in Eq. (3.15), we obtain:
T°E
ﬂzzy - (keb?- K2mye, JE, =0 (3.16)
Let k' =k; (b2 - My €y ) (3.162)
Finally, we get a second differential equation on the form:
1°E
o7 KE =0 (317)
The solution of Eq. (3.17) decays exponentially towards infinity and it becomes:
E, = Ae“ (3.18)
Where, A isaconstant and k, =k,./b?- m,e, (3.18a)
The relevant components of magnetic fields and the electric field in LHM have
the form:
1@ = 18K gl (3.19)
WITHMy
ng) _ Ak, gliz i lxwt) (3.20)
WIT) My
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EZ= Belzgl (k) (3.21)

With k, =ko\/b?- m, ey (3.21a)

But for TE-waves it can be shown that [22] there is a % phase difference

between Hy and H,. It is converted to redefine the field components as:
Hx = hy, H, = ih,and E, = ie,, so the field components can be written in the left

handed material cover as:

H )((2) = & glizgl (ke wt) (3.22)
WMy My

H EZ) = & gaze (k- wt) (3.23)
WMy My

Ey — |Bekzg! (kx-wt) (3.24)

3.3 Boundary conditions
Applying the boundary conditions for the continuity of tangential H at z =
0 and from Eqg. (3.2a) and Eq. (3.22), we get:

hil) -H £2) (3.25)
ikAekzei(kx-Wt) — inl eklzei (kox-wt)

WITy My
az=0

Then, we have:

kAg! le) = % gl (kox- ) (3.26)
The second boundary condition yields,

o)) =} (3:27)
az=0

- iwmA(Sm, + m, el = jpehzgltcm)
Then we get:
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- wmyA(Sm, +m, Je) = gl (3.28)
Dividing Eq. (3.26) by Eq. (3.28) we obtain:
kAe‘(|o<-wt) Bkie (kyx-wt)

“wmASm, +m, e wmm, B
Simplify the above equation, we get:

k _ Kk,
(sm, +m,) m,
Then,
k -1
P E(qu +m,) (3.29)
With,
k, =k\/b? - e, my (3.29a)
k=ko B (3.29b)
Substitute EQ's. (3.29a) and (3.29b) in Eq. (3.2a) we obtain:
k,b
3m, +m,
Ko/ D %€ My ”Lﬁ ( )

_ Ib?- e, my N

By squaring both sides then,

o1 =80 S o, +m.)

bzzbzgn% bzmm Ham, +m,)

s raﬁzbz
(s, +m,) = (Sn“n%m‘*)z -1
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1 _ my(sm,+m, ) My

b? eeﬁnﬁf(%’f%)z eeﬁ(SfTLz+W!<x)2
1_ 1 M

b? eqMy ey (SM,+m,)

1 _ (smy+m, )’ - g,

Finally,
2 _ eeff rTeff (Ssz T rTxx) (STXZ T rTxx)
(Sm, +m,) (sm, +m,)- (330

This is the required general dispersion relation which defines the

propagation of the magnetostatic surface waves between ferrite cladding and
left-handed material. It has two solutions for w(k), one represents a physical
solution and other is unacceptable. However, Eq. (3.30) is numerically analyzed
by using software program and plotting dispersion curves (a) forward (b)

backward, which are the relation between (k) and f.
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Chapter 4 Numerical Analysis

4.1 Data and calculations

In the previous chapter we got on a dispersion relation that represents the
guiding structure between a linear semi-infinite ferrite substrate assumed to be
Y1G, and a left-handed material cladding. Hence, in order to make a numerical

analysis we need some computations concerns with the two media.

Firstly, for the data parameters of linear ferrite (Y1G), we used the data
given by Shabat [13] as o Ho = 0.1 T, ug = 1.25, po Mg = 0.1750 T
y = 176 x 10" rad S* T to compute both components py and py Of
permeability tensor media.

Secondly, with respect to left-handed material, we used the data given by

W
Ruppin [7] as —~=10GHz for calculating the effective permittivity e,

2p
W,
2—; =4 GHz and the constant F = 0.56 for calculating the effective permeability
Meg-

4.2 Numerical results and discussion
In the region of interest, where we deal with magnetostatic surface waves,

for m, £0,we took the frequency in the range from ./f,(f, + f,) to (f,+ f_/2) and

upon the previous data it was 4.6 GHz to 5.8 GHz. Since, S=+1, wheres=1 for
the propagation in the forward direction, and S=- 1 for the backward direction.

Hence, we noticed that the derived nonlinear dispersion equation (3.30)
has two different solutions, depending upon the direction of propagation or the
direction of external applied magnetic field. One solution is acceptable and other
represents a non-physical solution for (k).

Numerical computations were carried out considering the same
parameters were taken with respect to the substrate (YIG) and LHM-cladding.
We noticed that the only solution exists in the region 4<f<6 (GHz), where the
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refractive index is expected to take a negative value and both the permittivity
and the permeability have negative values (¢ <0, u<0).

Moreover, Fig.(4.1) shows the linear dispersion curves which is the
variation of the frequency with the wave index are display the (i) expected
reciprocal behavior, which is important in microwave signal processing
technology, (ii) since the propagation characteristics both forwards to the right
and symmetrical (f>0). So, this back to the derived quadratic dispersion
equation (3.30), (iii) the frequency is decreasing with increasing the wave
number k and this happen only in the propagation of TE-magnetostatic surface
waves.

Also, we increase the value of the applied external magnetic field p,H, by
0.52T, 0.55T and 0.6T respectively. Its seen that the propagation of TE-
magnetostatic surface waves disappeared in the proposed region and this back to
the change of the permeability tensor components px, Hxz IN our derived
dispersion relation (3.30). So, this make the guiding structure loses its LHM-
characteristics in theregion 4 < f < 6 (GHz).

Similarly, we increase the values of the plasma frequency o, greater than
% =10GHz and the value of resonance frequency o, greater than % = 4GHzwith

F(constant)=0.6 in calculating e, &g respectively, it noticed that the
propagation of TE-magnetostatic surface waves disappeared in the proposed
region.

In general, due to the above discussion we conclude that the guiding
structure have only a particular range which is the guiding structure transmit a
TE-magnetostatic surface waves as shown in fig.(4.1).

Finally, we examined the behavior of magnetostatic surface waves outside
the proposed region which is, where the refractive index is expected to take a

non-negative value in this interval considering the region of the interest m <0.

We noticed that there are two special caseswhichis:
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Casel:

In the region f<4(GHz) where m >0and e<0, the LHM medium is

transparent medium and the guiding structure becomes a metallic fig.(4.2a)
[23].

On the other hand we increased the applied external magnetic field pH,
for both forward and backward wave propagation by the values 0.2T and 0.3T,
we noticed that the propagation in the forward direction began to decrease as
shown in fig.(4.2b) and fig.(4.2c) respectively.

Casell:

In the region f >6 (GHz) where (m >0,e>0), we noticed that there are

two ranges:

Firstly, in the range 6 < f < 10 (GHZz), there is no physical solution for the
dispersion equation (3.30).

Secondly, however after the frequency of 10 GHz, the physical solutions
are starting to appear and the guiding structure becomes a dielectric as shown in
fig.(4.3q).

Similarly, we increased the applied external magnetic field u,H, for both
forward and backward wave propagation in this region by the values 0.2T and
0.3T. It is seen that the propagation in the forward direction began to disappear
as seenin fig.(4.3b) and fig.(4.3c) respectively.

4.3 Conclusions

The dispersion propagation characteristics of nonlinear magnetostatic
surface waves through various waveguide structures containing linear ferrite
(YIG) and (LHM) layers are investigated.

Moreover, the dispersion relations for electromagnetic waves are derived
for each waveguide structures by using Maxwell’s equations and the boundary

conditions. Both figures show the nonreciprocal behavior in the graphs.
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In addition, in the region for f < 4 GHz , the guiding structure behaves as
ametal, whileintheregionf 3 10 GHz behaves as a dielectric.

Finally, the study of nonlinear optical effects in various waveguide
structures containing Y1G with LHM media is considered a key problem of the
simulation of a number of opto-microwave electronic devices. So, it is hoped

that this work will act as a motivation for future studiesin this area.

-35-



Chapter 4 Numerical Analysis

f (GH2)
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5.47
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1214 16 153B

Fig. (4.1): shows the computed dispersion curvesin (a) forward, (b) backward and (c) both wave
propagation. poHo = 0.05 T, kg = 1.25, HMo=0.1750 T,y = 1.76 x10" rad s* T?,

Wo

w
—P =10 GHz, —° =4 GHz,F =056
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Fig. (4.2): shows the Guiding structure considered asameta in al regionsin case (f <4 GHz),
HoHo = 0.05 T, 0.2T, 0.3T, pg = 1.25, UM =0.1750 T, y = 1.76 x10" rad s* T?,

w
—? =10 GHz.

2p

Wo

=4 GHz. F =056
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Fig. (4.3): showsthe Guiding structure considered as adielectricin al regionsin case (f > 6 GHz),
HoHo=0.05T,0.2T,0.3T, ug = 1.25, YoM =0.1750T, y = 1.76 x10" rad s T?,

w
7P =10 GHz, Yo =4 GHz F =056
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