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Some works have been carried out on studying metamaterials with negative electrical
permittivity and negative magnetic permeability which called Left-handed materials (LHM),
the propagation dispersion characteristics of magnetic waves in waveguide structures contain-
ing LHM. In this communication, we investigate the dispersion characteristics of magnetic
surface waves in a metal-dielectric-ferrite (YIG)-LHM layered waveguide structure. Several
characteristics of the propagation are also obtained especially on the non-reciprocal behav-
ior. It has been noticed that the non-reciprocal behavior of the wave propagation has been
obtained in the forward direction for the electromagnetic waves whereas this reciprocal
behavior has been found in the forward and backward directions for the magneto-static
surface waves. It should be stressed that the addition of the LHM layer to the above
waveguide structure has been noticed to dominate the control of the direction of the
dispersion curves from forward to backward wave propagation.

Paccvmarpensl maTepuasibl ¢ OTPUIATEIBHON AUIJEKTPUYECKON IIPOHUIAEMOCTHI0 M OTPH-
LATEJIbHON MarHUTHOW IPOHUIIAEMOCTHIO, TAK HasblBaeMble MarTepuaibl JgeBoil pyxku' (left-
handed materials, LHM), ucciemoBaHbl XapaKTePHUCTHUKU IHCIEPCHUH I[IOBEPXHOCTHBIX MAar-
HUTHBIX BOJIH B CJIOMCTOI BOJHOBOZHOM CHCTEME THIIa MeTaJJ-AudjeKTpuk-dpeppur (JKUT)-
LHM. ITonyueHbl HEKOTOpPbIE XapaKTEPUCTUKM, KAaCAIOIHECs, B YaCTHOCTU, HESKBHBAJEHTHOI'O
IIOBeIEeHNsl PACHPOCTPaHSIOmUXCcs BOaH. OTMeueH HESKBHUBAJEHTHBIN XapakKTep pacrmpocTpa-
HEHHUS 9JeKTPOMATHUTHBIX BOJH B MIPSIMOM HAIIPABJIEHHM, B TO BPeMs KaK MIJsS MAarHUTO-
CTATUYECKMNX I[IOBEPXHOCTHBIX BOJH TaKOM XapakTep O0OHAPY’KeH IIPM PACIPOCTPAHEHWH KakK
B IIPSIMOM, TaK U B oOparHOM HampasieHusix. Ciemyer ormeruTrhb, uTo BBemenue ciaod LHM B
BBHIIIEYIIOMSAHYTYI0 BOJHOBOJHYIO CHCTEMY HI'DAET AOMHHHUPYIOIIYIO DPOJb B PEryInMpPOBAHUUI
HAIIPABJIEHUSA IUCIIEPCHOHHBIX KPUBBLIX I[IPHU IIePexoje OT MIPSMOro K o0paTHOMY pacipocTpa-
HEHHUIO BOJIH.

During the decades of 1950’'s and 1960’s, there was great interest in producing artificial dielectrics
with arbitrary values of permittivity by inclusion of metal particles or wires in the natural (host) di-
electric medium [1]. There are several advantageous applications of the artificial dielectrics such as mi-
crowave/millimeter wave leaky wave antennas [2], where the effective dielectric constants lie between
zero and unity. The characteristics of the leaky waves are unique in comparison with the natural leaky
wave antennas.
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Late the 1990’s, attempts were carried out by Pendry et al. [3] to obtain negative permittivity
by using metallic wires in the GHz band. Pendry et al. also expected that an effective negative
permeability could be achieved in the GHz band by a periodic arrangement of split ring resonators
(SRRs) [4]. During the year 2000, depending on Pendry suggestions and ideas on artificially con-
trollable permittivity and permeability of media, Smith et al. [5] have used metal wires and SRRs
to attain simultaneously negative permittivity and permeability in the GHz frequency range. This
important and interesting progress also depended on the theoretical prediction back in the 1968,
by the Russian physicist, V.G. Veselago, who predicted several extraordinary electromagnetic phe-
nomena for materials having simultaneously negative permittivity and permeability [6-8]. These
phenomena are a sign change of group velocity, reversals of the Doppler and the Vavilov-Cerenkov
effects, negative refraction, perfect lensing and a reversal of radiation pressure to radiation ten-
sion. Because these exotic materials were thought not to exist in nature at all, Veselago’s ideas
were forgotten until the experimental verification was made by Smith et al. which encouraged the
present explosive research worldwide. These researches are in fundamental electromagnetic phe-
nomena and practical applications of these interesting materials in various frequency ranges from
radio to optical frequencies.

These materials are called metamaterials. “Meta—" is a Greek prefix that means “beyond,” Meta-
materials refer to artificially designed structures that exhibit unusual electromagnetic properties
and responses. Metamaterials are also known as left-handed materials (LHMs), because the direc-
tions of the electric field (E), the magnetic field (H), and the wave propagation vector (k) follow the
left-hand rule instead of the right-hand rule in ordinary dielectric materials. Due to the left-hand-
edness in such materials, the reversal of the phase and the energy propagations lead to negative
phase velocity or negative group velocity. This is attributed, in other words, to backward wave
propagations with opposite directions of the phase and the group velocities. LHMs are also referred
to as materials with negative refractive index or negative index media, because when electromag-
netic waves are incident thereon, the refraction is reversed. Finally, these materials are also known
as double-negative media because at a given frequency, these media have simultaneously negative
permittivity and permeability.

At the interface between the LHMs and conventional dielectric media [9], surface waves dif-
fer in their propagation behavior from that at the interface between two dissimilar conventional
dielectric media. For example, slab waveguides with LHMs also have unusual guided dispersion
characteristics [10-17]. In this article, we have studied the dispersion characteristics of magnetic
surface waves in a metal-dielectric-ferrite (YIG)-LHM layered waveguide structure. A similar in-
vestigation had been conducted before [18] but without included LHM layer. Our study includes
theoretical analysis based on Maxwell equations in order to investigate the electromagnetic and
magneto-static surface waves.

Let an infinite plane-parallel ferrite slab be considered, having magnetization M, and of thick-
ness d,. The slab is bounded by a left-handed material cover and a nonmagnetic dielectric layer of
thickness d,. The dielectric layer is placed on a metal substrate, as shown in Fig. 1. The ferrite slab
has infinite extent in the 7 and £ directions. A static magnetic field is applied in the 2 direction,
resulting in an uniform field intensity H, within the ferrite.

Electromagnetic propagation phenomena are described by Maxwell equations, which are given by:

%xﬁ:—iwuouﬁ 1
%xﬁ:iweoeﬁ 2

It is assumed that the amplitude of the system response to electromagnetic excitations is suf-
ficiently small and of the form exp(iot) such that B and H are related by the permeability tensor
(19):
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Fig. 1. Electromagnetic surface wave guide geometry
containing: (1) left handed material, (2) ferrite slab, (3)
dielectric medium, and (4) metal substrate.
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w 1s operating angular frequency where o = 2xf; ~ is the gyromagnetic ratio and f is electromag-
netic oscillation frequency.

The form of the response must be chosen to satisfy Maxwell equations throughout the media
and the boundary conditions at their interfaces while vanishing at infinity. If it is assumed that the
system response propagates in the y direction, and that 9/9,=0.

For the Left-Handed Material Layer: From the above Maxwell's equations (1, 2), we get:

32 E(l) 2
——5 O - we)EY =0, o
ox c

where y; , £, the permeability and permittivity of the left-handed material; k is the propagation
constant, and w is operating angular frequency.
The solution of Eq. (4) is:

ED = Ae 17 fWt—kY) *)

O =k gy it —ky) ©)
Who k1

H&l):_. V1 g% gilwt —ky), (M
FWikg g

w
where ’\{% = k2 Ty (YR
c

104 Functional materials, 15, 1, 2008



A.H.El-Astal et al. / Characteristics of ..

where ¢, =1—

wp ,w, and F 1is chosen to fit approximately to the experimental data [17]:
Wy /2w = 10GHz, w,/27=4GHz , and F = 0.56. For this set of parameters, the region in which
permeability and permittivity are simultaneously negative is between 4 and 6 GHz.

For the Ferrite Layer: The above Maxwell equations lead to the following differential equation
which has the form:

& EP
= _3EY =0 ®
ox
w2
where w% :kz——zuvef
¢
2 2
nd —
.t M12
P11

and =, is the permittivity of the ferrite slab.
The solution of the equation (8) can be obtained as:

Eéz) = [B cosh y9x + Csinh wa]ei(wt_ky) 9
and
1 .
H,=——[B@{9 k coshy9 x — ;9 sinh~vox) +
’ TWHo by P11 2 2 i : (10)

+ C(pqg k sinh yox — pqq 9 cosh 9 ¥)]
For the dielectric medium:
E,=(Fe3" —l—Ge*WSx)ei(”t*ky), (11)

2
w
where 12 = k% — =5
¢

1
Lwitg
A B, C, D, F, and G are constants can be determined from the boundary conditions.
Applying the boundary conditions of electric and magnetic field components
at x=—d,and x =—d,, such as:

IIi:: gl Fe®" —Ge 8% ol Wi—ky) (12)

Eg) :E;Z) al x =dy

Hg,l) :vaz) at x =ds
and

Eéz) = Eég) at x=—d;

H§,2) = Hff’) at x=—d;

Ef’):O at x=—d;

we can obtain easily the electromagnetic surface wave dispersion equation, which can be written as:
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Fig. 2: Dispersion curves for different ferrite layer
thickness d: (1) 1x10°m; (2) 1.5x10°m; (3) 2x10-°m,

d=4x10%m ,e,= 14,5,=3, 2L — 01124
“m

Fig. 3: Dispersion curves for different dielectric layer
thickness d,: (1) 3x10%m; (2) 4x10%m; (3) 5x10°m,

d,=2x10°m, 5,=14,5,=3, L — 0.1124.
wYm
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kis defined as :

k=s. |k | , where s takes +1 or -1 according as the static magnetic field is applied in +y or —y
direction respectively.

This equation is non-reciprocal dispersion equation, i.e. w(k)=w(-k).

If dy——o0, eg=p=21=1 13 =",
then we get:

1
—— +py [k — ) kG +27; g cosh (g dg)= 0 (14)

11
this is similar to equation (17) in [19].
If d,= 0, from the above equation (13):

m
g coshyg dz—ﬁk +ppv =0
11

(15)
kpig —vgpqg cothngd

2 2
(Mu - Mlz)

orm=

s

which is a similar to equation (25) in reference [19].

The dispersion relation [13] has been solved to get the dispersion curves as shown in Figs. 2, 3.
It has been noticed in these Figures that the electromagnetic surface waves will propagate if there
is a solution of the dispersion relation. Figs. 2, 3 demonstrate that for s = +1, there is a cutoff in the
dispersion curves which means that there is no surface waves propagation. This behavior cannot
be seen in the case s = -1. The non-reciprocal behavior of the dispersion curves has, however, been
noticed for s =+ 1 in the forward propagating waves (positive gradient curves) but cannot be seen
in the backward waves (negative gradient curves).
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It has also been shown in Fig.s 2-3 that by varying the normalized frequency i , the dispersion
curves can change their direction from forward to backward one. “m

Fig. 2 shows that the dispersion curves are sensitive to the change of the ferrite layer thickness
for both the forward and backward waves whereas in Fig. 3, these dispersion curves are insensitive
to the thickness change of the dielectric layer for forward waves only. The dispersion curves of the
backward waves in Fig. 3 are, however, more sensitive to the thickness variation than those shown
in Fig. 2.

Moreover, for the forward waves, the LHM layer behaves as a metal (Right Handed Material —
RH) where = < 0 and p,>0. On the other hand, for the backward waves, the LHM layer has negative
electrical permittivity (=,< 0) and negative magnetic permeability (1, <0), i.e. it behaves as an LHM.
Therefore, the LHM behavior seems to control the direction of the propagated waves from forward
to backward direction. The dispersion relation is normally solved if the normalized frequency =
has values in the range 0-1 where p,_satisfies the condition for the solution. “m

Magnelto-Static Surface Waves: Propagation of magneto-static surface waves through a compos-
ite structure containing ferrite layer has been studied theoretically and experimentally [18, 19]. In
the short wavelength region (large k), where the phase velocity of the response is much lower than
the intrinsic velocity of the ferrite medium:

k2 >~y and k% =,
In this the magneto-static limit where V x H 2~ 0 (20) the dispersion relation (13) reduces to
the following form:

o 2kds _ [y =Gy 1 12 9)] [(Mu— lig §) — tanh kdl]

, 16
[(M11+M12 s) + tanh kdl] [—Ml—(uu—ulz S)] (10

By solving the above magneto-static dispersion relation (16), the results presented in Figs. 4, 5
can be obtained.

It is seen from Figs. 4, 5 that for s = +1 we have only the forward dispersion curves which are
not observed in the case of the electromagnetic surface waves shown in Figs. 2-3. It is also seen that
when s = —1, the dispersion curves in Fig. 4 are more sensitive to the thickness variation of the fer-
rite layer than the curves in Fig. 5 to the thickness variation of the dielectric layer.
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Thus, the dispersion characteristics of magnetic surface waves in a metal-dielectric-ferrite
(YIG)-LHM layered waveguide structure have been investigated. We found that LHM can control
the direction of the curves from forward to backward wave propagation. In the case of the electro-
magnetic waves, the non-reciprocal behavior has been obtained in the forward propagated waves
only. The non-reciprocal behavior has been also found in forward and backward directions for the
case of the magneto-static surface waves. These interesting results could be used in design some
future microwave technology devices.
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XapaKTepUCTHKH €JIEKTPOMATHITHHX Ta
MATHITOCTATUYHHIX IIOBEPXHEBUX XBUJIb y IMIapyBaTii
XBHJIEBIOHIN CHCTEeMi MeTaJI-aleJIeKTPuK-(hepuT-
MaTepias JiBOl PyKH

A X.Env-Acmanwv, M.C.Xamaoa, M.M.IlTabam

POSI‘J’IHHyTO MaTepiam/I 3 HeraTHUBHOIO ,[[ieHeHTpI/I‘E[HOIO MMPOHUKHICTIO TA HeTATHBHOIO MATHITHOIO
NIPOHHKHICTIO, TAK 3BaH1 «MaTeplanaMI/I JIBOI PYKI» (left-handed materials, LHM). Z[ocmm}ceHo
XapaKTepHCTHRH JHcIepcii MoBepXHeBUX MATHITHUX XBHJIb Y mapyBaTu/I XBHJIEBIIHIH cuceTemi
Tuny Merasi-gleaerrpuk-gepur (3I1)-LHM. Opepsxano Taxos Oesikl XapaKTepUCTHKH, SIKL
CTOCYIOTHCSI, 30KpPeMa, HEeeKBIBAJIGHTHOI TOBEJIHKHA XBHJIb, IO IONIUPIOITHeS. BilsHaueHO
HEeeKBIBAJICHTHHI XapakTep TOMUPEeHHS eJeKTPOMATHITHUX XBHJIb Y MPSAMOMY HANPSMI,
B TOH Yac sK JJIsT MATHITOCTATHYHWX ITOBEPXHEBUX XBHJIH TAKHU XapakTep BHUIBJICHO IIPH
MOIMUPEeHH] SAK Y TPAMOMY, TaK 1 Y 3BOPOTHOMY HANpAMAX. Cuiji 3a3HAUNATH, IO BBEJeHHS
mapy LHM y BHIIE3TaAHy XBUJIOBITHY CcHCTeMY BiJirpae JOMIHAHTHY POJIb Y pPeTyJIioBaHHI
HAMpSAMY IHACIEPCIHHUX KPUBHUX MPH TEpexo/l Bij MPsSMOTo /10 3BOPOTHOTO MOIMIHPEHHS XBUJIb.
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