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Investigation of the Propagation Characteristics of Magnetostatic
Surface Waves in a Layered Structure of Left-Handed Materials
(LHM) and ferrite (YIG)
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Abstract

The characteristics of magnetostatic surface waves at microwave
frequencies in a layered structure of left-handed material film and a semi-
infinite linear ferrite substrate have been investigated. The general
dispersion relation is derived and analyzed numerically. It is found that it
has two solutions for w(k), one represents a physical solution and other
unacceptable. The effects of the applied external magnetic field around
the proposed region have also been examined.

Keywords: left-handed materials; dispersion relation; magnetostatic
surface waves; wave-guides; boundary conditions.
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Introduction

Left-handed materials (LHMs)'” have been receiving an increasing
interest because of their proposed applications in future microwave
engineering technology. Recently, Shelby et al' have demonstrated a two
dimensionally isotropic left-handed material which consists of a two
dimensionally periodic array of copper split ring resonators and wires
(SRR). The LHM are at certain band of frequencies, behave with
negative &(®) and p(w), and also have imaginary part, thereby the
refractive index of such metamaterial exhibits a negative value in this
frequency as reported by Veselago’. A LHM also verify some of the
explicit prediction such as reversed refraction, backward, Cherenkove
radiation and reversed Doppler effect’. The study of nonlinear optical
effects in the various waveguides structures containing gyromagnetic
media such as ferrite® is also considered a key problem of the simulation
of a number of opto-microwave electronic devices.
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Fig. (1): Coordinate system for the single interface between LHM and a
linear ferrite cladding, the applied magnetic field is in the Y-direction.

In this paper, we investigate the propagation characteristics of
nonlinear magnetostatic surface waves at microwave frequencies in a
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layered structure of left-handed metamaterial cover and a linear ferrite
substrate as shown in fig. 1.

Basic Equations

The guiding structure to be considered consists of a LHM film which
is characterized by®:

Fo? 1)
Moy (a)) :l_wz —a? Eolr (a)) =1- a;; (1)
o

Where F = 0.56 , wo/2m =4 GHz , and w,,/2r = 10 GHz

And, a gyromagnetic ferrite (YIG) substrate is described by a
magnetic permeability tensor as (7 -8 ) :

/uxx 0 /LIXZ
uo)=| 0wy O )
_ﬂxz 0 ﬂXX
Where,
w,(0, + 0, )- o’ . oo,
ﬂxx=ﬂ3( 0( 02 mz j’ llez:l/uBﬁ (3)
W, —® W, — @

and up is the usual Polder tensor elements, w is the angular frequency of
the supported wave, wo = yuoHo , @n = yuoMy , Hy is the applied
magnetic field, y = 1.76x10"" ST is the gyromagnetic ratio, M, is the
dc saturation magnetization of the magnetic insulator and up has been
introduced as the background, optical magnon permeability.

The electric and the magnetic field of TE wave propagating in the x-
direction can be written as:
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E =(O,Ey,0)exp[ik0(ﬂx —ct)] 4

H =(H_,0,H_)exp|ik,(fx —ct)] (5)

Where A= k is the complex effective wave index constant, ko is the
kO

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

In the ferrite substrate

The magnetostatic potential ¥ of the magnetostatic surface waves in
the YIG film is written ° as:

gl =4 exp (kz )e"(kxf’”’) (6)
The relevant component of the magnetic fields for the TE

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

B = ikA exp(kz )e' ") (7
hY = —ikd exp(kz e’ =) (8)
) =0 (s h!)+ 1, 1) ©)

Where, S ==1, S =1 stands for the propagation of the waves in forward
direction, and S = -1 for the backward direction.

In LHM-cover

Maxwell's Equations are:
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VxE =—iouyu,, (0)H (10)
VxH =iws,s,, (0)E (11)

Where the effective permeability and the effective permittivity both are
less than zero.

From Eq. (10) we get:

ik H

ik 0 62 =ia),u0,ueﬁr(a)) 0 (12)
. g

0 E, 0 H,

The components of the electric field and magnetic field are:

- oF
Y :ia)'uo)ueﬁ.Hx (13)
Then we get:
,  OFE
H =—"! > (13a)
Oy Oz
Similarly,
kE, =iop . H. (14)
Then we get:
H. = k E, (14a)
a)ﬂoﬂeﬁ
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usingn Eq. (11), the components of magnetic field are:

i lac 0
ik 0 P =—iwg,g,, (o) | E, (15)
H 0 H, 0
Then we get:
: OH | :
—ikH . + % = -l E | (16)

Substituting both Eq's. (13a) and (14a) in Eq. (16) respectively, we
obtain:

. k 0 i OF, .
—ik E +— =—iw& , E, (17)
WOty Hogy Oz |\ Oy ) Oz

Multiplying Eq. (17) by wuoues we get:

0’E .
o W -0 ey JE, =0 (18)
w’ 1
But k; =—  where, — = &,4, (18a)
C C
And k = kofs (18b)

Substituting both Eq's. (18a) and (18b) in Eq. (18), we obtain:

azE}’ 2 2 2
azz _(kOﬂ _koﬂeffgeﬁ')Ey:O (19)
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Let k7 =k, (ﬁz —,ugffgeﬁr) (19a)
Finally, we get on a 2™ order diff. eq. of the form:

aZEy 2
2 KE, =0 (20)

And one of its solution is:

E, = Be*r and Kk, =k, - Koy € o (20a)

Where, B is a constant

The relevant components of magnetic fields and the electric field in
LHM have the form:

iBk, eklei(klx—wt)

HY = 1)
WOy Moy

H(Z) _ Bkl eklzei(klea)t) (22)
oMoy

E)()Z) :Beklzei(klx—wt) (23)

With k, = k,/* - Hop &y (23a)

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

between H, and H.. It is comfortable to redefine the field components as:

hy = hy, h. = ih. and e, = ie, , so the field components can be written in
the left handed material cover as:
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H,(CZ) _ lBkl eklzei(klx—a)t) (24)
WOty H oy
Hﬁz) _ iBk, e pilki—on) (25)
WOy Koy
E = I-Beklzei(klx—a)t) 26
y

Applying the boundary conditions for the continuity of tangential H
atz = 0 we get:

A = H® | then we have:

Bk1 ei(klx—(ot)

kA ) = (27)
Oy H oy
And, eg,l) =F }(,2) ,  then we have:
— o A(Sp,. + g1, ) ) = B (28)
Dividing Eq. (27) by Eq. (28) we obtain:
k-1
= (Sp. + ) (29)
k, Hey

With, &k =kyB* —e,u, andk=kdp (29a)

Substituting Eq. (29a) in Eq. (29) and simplifying to get on the
general dispersion equation.
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2 — geﬁ‘ﬂeﬁ‘(SﬂXZ +luxx) (Sluxz +llex)
(Sluxz + luxx) (Sluxz + Mo ) - lujﬁf

(30)

Numerical Results and discussions:

Numerical computations are performed in order to calculate the
propagation characteristics of the nonlinear dispersion equation. The
numerical calculations were carried out with the same parameters for the
ferrite (YIG) substrate as in ref. °. the data parameters for the LHM as in
ref.’ ;F = 0.56 , o/ 27 = 4 GHz , and w, /27 = 10 GHz.
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Fig. (2): Dispersion curves in both forward, backward direction, poHy =
05 T, ug = 1.25, peMo = 0.1750 T, v = 1.76 x10"" rad s T,

w
7[7:10 GHZ) &:4 GHz,F :0.56.
2r 2z

In this case, the frequency range where both g(w) and p(w) are
negative, extends from ®, up to 6 (GHz), where the refractive index is
expected to take a negative value. Moreover, Fig.2 shows the linear
dispersion curves which is in terms of the variation of the frequency with
the wave index displaying the expected reciprocal behavior. This is
important in microwave signal processing technology, where the
propagation characteristics both forwards to the right and symmetrical.
The figure shows that the frequency is decreasing with increasing the
wave number k and this happen only in the propagation of TE-
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magnetostatic surface waves, which is in contrast with behavior of
magnetostatic surface waves propagating along the interface of ferrite
and normal media. It is also noticed that, by increasing the applied
external magnetic field, poHy by 0.52T, 0.55T and 0.6T respectively, the
TE surface waves disappeared in the proposed region, 4 < ' <10 (GHz).
For f < 4(GHz), where p, > 0 and & < 0, the medium is transparent
medium and the guiding structure behaves as metallic medium as in Fig.
3, and for 6 < f < 10 (GHz) there is no physical solution while
for £ >10(GHz), where (u, > 0, € > 0), the physical solutions are starting

to appear and the medium behaves as dielectrics as shown in fig.4.
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Fig. (3): Shows the dispersion Fig. (4): Shows the dispersion

characteritics considered as a characteristics considered as a

metal in case (f < 4 GHz), poHo dielectric in case (> 6 GHz), uoHo

= 0.5 T, us = 1.25, H()Mo = =0.5 T, UB = 1.25, },L()Mo =0.1750

0.1750 T, y =1.76 x10"" rad s Ty =176 x10" rad s'T

'TN2% _10 GHz s @~ 4 GHz, F= L% 10 GHz» %~ 4 Gz, F= 0.56.
2 2 2 2

0.56.

On the other hand, if we increased the applied external magnetic
field poHp by 0.2T and 0.3T for s <4(GHz) as shown in fig. 5 and for
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f>10(GHz), as shown in fig. 6, it is seen that the propagation in the
forward direction began to decrease respectively.
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Fig.(5a-b): Shows the dispersion characteristics in case ( f < 4 GHz ),
noHo = 0.2T, 0.3T respectively, ug = 1.25, poMy = 0.1750 T, y =1.76 %

10" rad s7' 7, % _10 GHz . % — 4 Gpz, F=0.56
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Fig.(6a-b): Shows the dispersion characteristics in case ( f 210 GHz ),
uwoHo = 0.2T, 0.3T respectively, pug = 1.25, poMo = 0.1750 T, y =1.76 x

10" rad s' 771, %0 1 GHZ,g’_o:4 Gz, F=0.56.
T T
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Conclusion

A general dispersion equation that describes the propagation of
magnetostatic surface waves in a YIG film, bounded by a left handed
cover, has been derived theoretically. We proposed here an approach
describing a new type of reciprocal and nonreciprocal behavior in a two-
layer structure, which is very promising for opto-microwave electronic
devices.
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