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ABSTRACT

Recently increasing works have been devoted to study and fabricate new artificial materials called
metamaterials or left handed materials. These materials have unusual behavior as they have
simultaneously both negative permittivity and permeability.

In this paper, we investigate the effect of left handed materials and the conductivity of semiconductor
material on the dispersion characteristics of left-handed-ferrite-semiconductor waveguide structure, and
then we discuss the stability of magnetostatic surface waves in the mentioned three waveguide structures by
perturbation method.
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1. INTRODUCTION

A great deal of important development has been made in the studies of magnetic and magneto
static solitons in gyro-magnetic materials. This was stimulated by the great achievement in the
theoretical research and practical application of optical solitons in fibers. The basic nonlinear
soliton-like effects, arising during the propagation of a magneto-static spin wave (MSW), in a
simple ferromagnetic emerged from the pioneering experimental work of Kalinikos [1] and De.
Gasperis et al [2]. As a consequence, the experimental evidence for bright spin wave soliton is
secure [3]. Only dark MSSW solitons on a single ferromagnetic thin film have been observed
experimentally [3]. Theoretical analysis shows that it is possible for magneto-static surface
waves in ferromagnetic films to develop into solitons within 10 cm propagation distance [4]. In a
simple ferromagnetic waveguide with vacuum cladding and substrate, no magneto-static solitons
can be generated in any possible directions. They analyzed the forward and backward volume
waves in YIG films and showed that the forward magneto-static volume waves within their low
frequency range could develop into solitons [5], and an increase of the incident power would lead
to multiple peak structures[6]. Boyle et. al. made use of Lighthill criterion to analyze the
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possibilities of magneto-static soliton formation and propagation. Their theoretical results well
explained the experimental phenomena [7].

The multilayer structures provide a much greater range of possibilities for controlling the
characteristics of MSW solitons. A. S. Kindyak et al. [8] carried out a theoretical analysis of the
nonlinear properties of MSSW in a layered structure containing ferromagnet and semiconductor
thin films. They gave a criteria for the existence of bright surface spin wave envelop solitons.
They confirmed that soliton propagation in quite different regions of MSW spectrum is possible.
Such solitons require certain materials to exist and basic waveguide structures can be fabricated
such as wave guides containing Y1G-GaAs and YIG-InSb.

Yu Liming et al. [9] studied the characteristics of magneto-static surface waves (MSSW) in a
ferromagnetic film attached to a semiconductor cladding with carriers and showed the existence
of magneto-static solitons in the film. They indicated that under the influence of drifting carriers,
and within some frequency ranges, MSSW can develop into magneto-static solitons, with the
group velocity and phase velocity opposite under some conditions, and the velocity magnitude is
related to the carrier density.

Recently negative refraction in left-handed materials (LHMSs) has attracted much interest, offering
a rich ground for both theoretical and experimental research. More than three decades ago, the
theory of the propagation of electromagnetic waves in such media was developed by Veselago
[9]. Pendry et. al. [10,11] proposed the essential ideas, which led to the fabrication of the first
LHM. This research group demonstrated theoretically that, in the microwave region, a lattice of
metallic split-ring resonators (SRRs) with characteristic features in the millimeter range behaves
as an active medium with negative permeability p, [10]. Furthermore, a network of thin metallic
wires behaves as a quasi-metal with a negative permittivity € at microwave frequencies [11-12].
Smith et. al. [14] fabricated, by combining these two structures, a metamaterial which, within a
certain frequency range, has both € and pu  negative, i.e. a LHM. Although some of the
properties of LHM are still not fully understood [14-18], they offer a rich ground for both
theoretical and experimental research. Thus surface polariton of a LHM [19], scattering
properties of LHM spheres [20] or cylinders [21], or the properties of electromagnetic wave
propagation in LHM [22] have been studied theoretically, whereas their transmission properties
have been investigated experimentally [13,23].

According to the interested characteristics of LHM, mentioned above and elsewhere [25-28], in
this article we include a LHM and semiconductor layers in our investigated layered structure.
Hence we study the characteristics of MSSW in a Semiconductor-Ferrite-LHM Structure as
shown in figure 1, and find the possibility of magneto-static solitons.

2. BASIC CONCEPT

In figurel magneto-static wave propagates along the Y axis, and an external magnetic field is
applied along the +Z or —Z axis. The figure shows a waveguide structure consists of a ferrite
layer Il with thickness d, a semiconductor cladding I1l and a LHM substrate I. We neglected the
exchange field in region Il. In region Ill, there exists one kind of carrier with unchangeable
density and the collision frequency of the carriers is far from the exciting and diffusing
frequencies. The static electronic field drives the carrier excursion along the wave propagation
direction.
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Figure 1. Diagram of the Magneto-static surface waveguide composed of
Semiconductor-Ferrite-Left-Handed Material Structure.

The effective magnetic permeability of the left handed material is characterized by p, and g,

as.
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Here F = 7 r®/a? is the fill factor, a is the lattice constant, r is the inner radius of the ring, and

 , is the resonant frequency.
2
g = —n
L=
a)z

@, is the plasma frequency in the LHM layer and it is defined in GHz ranges.

Note that for p, and €, the losses are neglected, and the values of parameters @ , and O, and F
are chosen to fit approximately to the experimental data [29-30].

2.2 Ferrite Layer Il (-d <x<0)

The ferrite layer is characterized by the magnetic permeability tensor [ ] as:

Hiq i, O
[ul=|—lpy gy
0 0 1
. ww
:u11 =1+ a)go_ m2 ’ :u12 5 _2)2
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w,=p,H,, o =u,M,, H, is the applied magnetic field and M ,is the applied
magnetization.

2.3 Semiconductor Layer 111 ( x> 0)

The semiconductor layer is characterized by:

&y —lgy, 0
[e] = | gy ) 0
0 0 Ex3
2
_ a)p(a)_kUO) 2 _ nez
Exp=1- o,

o’ (@—kv,—iv,)’ Mg,

®,; is the plasma frequency in the semiconductor layer, vo; the drift velocity of carriers, ve;

collision (angular) frequency, m; effective mass of carrier, n; carrier density, e; electric charge of
carrier, & effective dielectric constant of lattice. The dielectric susceptibility tensor [g] is the
effective representation of the carrier motion in the semiconductor. The component €33, which is
required in our analysis, is given in the above expression in terms of frequency and wave number.

Under these assumption, applying the Maxwell equations to the above three regions respectively,
and following the notations and approach of [27,28], one can easily obtain the dispersion relation
of magneto-static surface waves (MSSW) in the ferromagnetic film as:

g-2kd _ |[1 t73 (Hq1+ 1y S)Jr[ML +Hy— Hyp 51 "

1 73 (11— Hyp S“_,UL “HuTH, SJ

where k = S + i« is complex wave number, where @ is the factor of amplification, s = +1
refer H, being applied in the +Z or —Z direction.

2
wlu & & a)peoes(a)—kvo)
0 o0 +

y3=_|1- (2)

k? k2 (w0~ kv~ IVc)

Since  k%>>w? Ho€g€e and Vv, >>m, kv, in the magneto-static and collision dominant
approximation, equation (2) turns into the following equation:

O H,
Y3=4/ 1+i 2 (a)—kvo) (3)
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Where

2
is the conductivity.

o =
mVC

In the case when 1, =1 the left handed behaves as air and the dispersion relation becomes as:

(4)

o2kd _ |r1 t73 (pg1 + 117 S)Jr[“ﬂll —Hip S]
|_1 73 (11— Hyp SJb— “HuTH, SJ

which is similar to equation (32) into [31].

We set u,H,=0.0156T, u,M,=0.0278T, the drift velocity of carriers
v,=5x10°m/s.

The dispersion relation (1) has been solved in the frequency region interval
1

a)o + a)m\z tO [a)o (a)o + a)m)]z '

Magneto-static surface wave can be generated with dispersion curves having a positive and
negative ingredient which indicates that we have a forward waves at lower frequencies and a
backward wave at higher frequencies for s = +1, while for s = -1, we have only a forward
waves, as shown in figures 2,3.

In figure 2 the dispersion curves are not sensitive for the conductivity (c), while in figure 3 the
dispersion curves are sensitive for the change of the fill factor F. The fill factor is responsible for
the design of the LHM.
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Figure 2. The Computed wave index S [Re(k)] versus operating frequency ( ) for different values of
conductivity (c): solid line 6 = 3x10? (1/Qm), dotted line 6= 9x10? (1/Qm),

u,H, =0.0156 T, uyM, =0.0278 T, the drift velocity of carrier v,=5x10°m/s, d = 4x10" m.
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Figure 3. Computed the attenuation a [Im(K)] versus operating frequency ( ) for different values of
conductivity (c): solid line 6 = 3x10?(1/Qm), dotted line 6 = 9x10° (1/Qm),

toHg =0.0156 T, uyM, =0.0278T, the drift velocity of carrier v,=5x10° m/s, d=4x10"m.

The frequency characteristics of the attenuation factor « have been plotted as show in figures
4,5. The frequency attenuation curves in figure 5 have been plotted for different values of
conductivity, while these curves have been presented for different values of the drift velocity of
carriers. It has been noticed that for s = -1, the attenuation factor increases to a certain level then
it becomes constant. In the other hand, for s = +1, the attenuation factor increases rapidly, which

is attributed to the coupling between the forward and backward waves.
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Figure 4. The Computed wave index 5 [Re(k)] versus operating frequency ( f ) for different values of the
fill factor (F): solid line F = 0.55, dotted line F= 0.6, poHy =0.0156 T, u M, =0.0278 T, the
drift velocity of carrier v,=5x10°m/s, d=4x10"m, 6 = 5x10?(1/Qm).
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Figure 5. Computed the attenuation a [Im(K)] versus operating frequency ( f) for different values of the fill
factor (F) solid line F = 0.55, dotted line F = 0.6, 4oHy =0.0156 T, u M =0.0278 T, the drift
velocity of carrier v, = 5x10° m/s, d = 4x10" m, 6 = 5x10°(1/Qm).

3 POSSIBILITY OF THE EXISTENCE OF MAGNETOSTATIC
SURFACE ENVELOP SOLITONS

During the propagation of MSSW, the role of nonlinearity is manifested as a dependence of the
frequency and phase velocity on the wave amplitude. Assuming that the amplitude A is a slowly
varying function, the dispersion relation equation for the MSSWSs may be formally written in the

form: G(a),k,|A|2) = 0. Since the nonlinearity is assumed to be weak, the deviation of the
frequency @ from o, to o, + Q, Q << ®, and the changes in k compared with the wave
vector Kk, of the linear equation will be small. After expanding k(w) about k, (®,) as a series
in terms of (w — @,), we obtain the nonlinear Schrodinger equation:

. dA d’A
|——&—2 +;/|A|2A =0, (%)
dy 2 dt
where B,=d’w/dk® is the group velocity dispersion, and ;/=(da)/d|A|2)‘A‘=0 is the
nonlinear coefficient, whereA is the dimensionless amplitude of a MSSW pulse.

A necessary condition for formation of an envelope soliton is that the Lighthill criterion B,y <0

is satisfied.
The criterion means the balance between the chrips produced by group velocity dispersion and
nonlinearity respectively.
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The group velocity dispersion, (0> @/8k?), and the coefficient of the nonlinear frequency shift,

ow | 6|A|2 can be found most readily by exploiting partial differentiation of the dispersion

equation G = 0. First of all, the linear dispersion equation is explicitly, G(w(k),k) =0.
So that the total differential of G, with respect to k, is

d_G=§+§[d_a)j=0 (6)
dk ok deo\ dk
The group velocity is, therefore,
d_ca__@G/@k__ﬂ @)
dk oG /0w G,
The second total derivative is
d’G d (oG d (6G)\dow oG d’w
= |t |t (8)
dk dk \ ok dk\ 6w ) dk O dk
in which
i[@j_azG N 0°G [da)j
=— b
dk \ ok ok 828(0 dk (9a)
0}
=G, +G,,—
kk ko dk
i[%j_ 0°G N 0°G [da)j
= | =
dk\ dw ) Jkow 8;0 dk (9b)
:ka+Gwm_a)
dk
Equations (7)-(9) yield
po[de) 1 )g 6 S, G (10)
2 dkz Ga) kk ko Ga) 010} Gaz)

The nonlinear coefficients (6k/8|A|2) can be found with the method used by Zvezdin and

Popkoy [32] and then by A.D. Boardman [4]. Setting the uniaxial axis coincident with Z-axis,
then for small deviations of the magnetization from the equilibrium state, the Z component of the
magnetization becomes
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M+ |m |

11
T (11)

where M is the saturation magnetization and M, are the components of the variable
magnetization (i = x, y, z ). Then, in the limit kd<<1, we have M, = MO—MO|A|2 and
0, =0, (1—|A|2)[32-33]. Substituting the value of @ into our dispersion relation and

calculating the derivative with respect to |A|2 , we obtain G (o, k,|A|2) =0.

dG 0G dw oG
2= A st e T
a0 ala "

Since this is the case, (12)

So that

_ do __GG/8|A|2 __G‘A‘z
_d|A|2_ (6G/ow)  Gw

y (13)
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Figure 6. Product of group velocity dispersion(5,) and nonlinear coefficient (y) as a function of frequency
for different values of conductivity (): solid line 6 = 3x10% (1/Qm), dotted line 6 = 9x10? (1/Qm),

uoHo =0.0156 T, uyM, =0.0278T, the drift velocity of carrier v, =5x10° m/s, d=4x107m,
=1000 (m™).
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Figure 7. Product of group velocity dispersion ( £, ) and nonlinear coefficient (y) as a function of

frequency for different values the fill factor (F) solid line F = 0.55, dotted line F = 0.6,
toHg =0.0156 T, oM, =0.0278T, the drift velocity of carrier v,=5x10°m/s, d = 5x10"m, 6 =
3x10%(1/Qm) , A =1000 (m™).
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Figure 8. Product of group velocity dispersion (5,) and nonlinear coefficient (y) as a function of frequency

for different values of conductivity (o): solid line 6 = 2x10%(1/Qm), dotted line 6 = 5x10%(1/Qm),

toHg =0.0156 T, uyM, =0.0278 T, the drift velocity of carrier v,=5x10°m/s, d=5x10"m, f

=5.2 (GHz).
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Figure 9. Product of group velocity dispersion (5,) and nonlinear coefficient(y) as a function of frequency for
different values of the fill factor (F): solid line F = 0.54, dotted line F = 0.55,

toHgo =0.0156 T, u, M =0.0278 T, the drift velocity of carrier v,=5x10° m/s, d=5x10"m, ¢ =
3x10%(1/Qm), f = 5.2 (GHz).

It has been noticed from figures 6-9 that the magneto-static surface waves in ferromagnetic-LHM
can develop into magneto-static bright envelop solitons for both s =+ 1.

In figure 6, the Brighthill criterion ( S,y ) has been plotted versus the frequency for different

values of conductivity (o). Figure 6 shows the bright envelop solitons occur at lower frequencies
for s = -1, while they are noticed at higher frequencies for s = +1.

The same above results are also obtained when we plot the Brighthill criterion versus frequency
for different values of the fill factor (F), as shown in figure 7.

The Brighthill criterion ( 8,y ) shown in figures 6,7 has been plotted versus 3 and are presented

in figures 8,9 where the wave index P values have been taken from the solution of the dispersion
relation as shown in figures 2,3. Figures 8,9 show that the bright envelop solitons occur at lower
values of B, i.e. with fast magneto-static waves at s = -1. In the other hand when s = +1, the
solitons are noticed at low values of velocities of magneto-static waves.

By increasing the fill factor F when s = +1, we no longer find the solitons, as shown in figure 9.

4 CONCLUSION

In this paper, the propagation of electromagnetic waves in a layered structure consisting of ferrite
film bounded by a semiconductor cover and a metamaterial substrate was analyzes and discussed.
The stability of magnetostatic surface waves through mentioned three waveguide structures has
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been obtained by implementing the perturbation method and the lighthill criteria has also been
checked to find out the possibility of existence of magnetostatic envelope solitons.
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