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The paper is concerned with the propagation characteristics of magnetostatic surface
waves in a layered structure consisting of a ferrite (yttrium iron garnet) slab, semiconduc-
tor, a left handed material (LHM)and metal plate. In (LH) cover both permittivity and
magnetic permeability are negative in definite frequency range. We study dispersion
properties of the magnetostatic surface waves. We found that the existence of the left
handed material stimulates the forward traveling magnetostatic surface waves to be back-
ward traveling and vice versa. We also found that higher values of wave frequency are
obtained for relatively thick ferrite films.

MsyueHbl XapaKTEePUCTUKU PACIPOCTPAHEHUA MArHUTOCTATHUYECKUX IIOBEPXHOCTHBIX BOJH
B CJOHCTON CTPYKType, KOTOpas COCTOUT 13 (PePPUTOBOM IJIACTHHBI (KeIe30-UTTPUuEeBbIi
rpasar), IOJYIPOBOJHUKA, JEBOTO MAaTepuaja U MeTAJJIUYECKON ILIOCKOCTH. B IMOKPBITAN
u3 "JIeBoro’ MaTepruaJa KaK AWSJIEKTPUUYECKAas, TAK M AUAMATHHTHAS IPOHUIAeMOCTb OTPH-
LATeJIbHLEl B HEKOTOPOM AMAIasoHe JacToT. VcciemoBaHbl AUCIEPCUOHHBIE CBOMCTBA MAarHMU-
TOCTATAYECKHNX [IOBEPXHOCTHBIX BOJIH. BEIABJIEHO, UTO CYIECTBOBAHUE JIEBLIX MATEPHATIOB
CTUMYJIMPYeT IIpeBpallleHne IPAMBIX IOBEPXHOCTHBIX BOJH B oOpaTHble n HaoGopor. Tak:xe
HOKasaHo, 4yTo 0oJiee BHICOKHE 3HAUEHUS YACTOT BOJIH HAOJIOZAIOTCSA B 00Jiee TOJICTBIX IIO-
BEPXHOCTHBIX ILIEHKAX.

1. Introduction

Magnetostatic surface wave technology is widely used in practical sophisticated devices for direct signal
processing, such as bandpass filters, resonators filters, delay lines and oscillators, and for other devices
such as isolators and circulators, at microwave frequencies[1]. Magnetostatic surface waves on different
magnetic layered structures have been investigated in the Voigt geometry by several researchers [2,3].
Shabat[4] has considered theoretically new strongly nonlinear magnetostatic surface waves for yttrium
iron garnet (YIG) substrate and nonlinear dielectric cover. In that analysis [4] the nonlinearity of the
dielectric cover is dominant and much stronger than the nonlinearity of YIG. S. Yamada, N.S.Chang
et al. [5] have reported the characteristics of magnetostatic surface wave guided by a layered structure
consisting of metal, dielectrics semiconductor and YIG . They concluded that the magnetostatic surface
waves are amplified when the carrier drift velocity is greater than the phase velocity of the waves.

Recently, there has been great interest in new type of electromagnetic materials called left-handed
media or metamaterials [6]. Over 30 years ago, Veselago was the first to consider the left-handed media
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(LHM) with simultaneously negative and almost real electric permittivity £;, and magnetic permeability
y;, in some frequency range [7]. He had emphasized the fact that the intensity of the electric field F, the
magnetic intensity H and the wave vector k are related by a left- handed rule. This can be easily seen by
writing Maxwell’s equation for a plane monochromatic wave k zE = “2£H and k #H = —=22E. Once
ep, and g, are both positive , then E, H and k form a right set of vectors [8]. In the case of negative
e and pu,, however, these three vectors form a left set of vectors. One of the distinctive properties
of the LH material which has been demonstrated experimentally is their specific frequency dispersion
[9]. Many studies have been carried out on waveguide structure containing left handed materials or left
handed media as Hamada, Shabat et al. [10] investigated the nonlinear magnetostatic surface waves
in a ferrite left handed waveguide structure. Mousa and Shabat [11] have examined the propagation
characteristics of nonlinear TE surface waves in a left-handed material and magnetic superlattices(LANS)
waveguide structures. Hamada, Fayad and Shabat [12] have discussed the nonlinear surface waves in a
left -handed -magnetized ferrite structure. El Astal, Hamada and Shabat[13] studied the characteristics of
electromagnetic waves and magnetostatic surface waves in metal-dielectric ferrite left handed waveguide
layered structure. Recently, H. J. EL-Khozondar[14] reported results on the electromagnetic surface waves
of a ferrite slab bounded by metamaterials. To study the dispersion of the corresponding surface waves,
it is necessary to select a particular form of the frequency dependence of the electric permittivity ; and
magnetic permeability pp of the LH medium.

In this paper , we investigate the propagation characteristics of magnetostatic surface waves guided by
an optical structure. This structure consists of a ferrite and semiconductor media. They are sandwiched
between LHM cover and metal substrate. The interaction between the magnetostatic surface waves
and a stream of drifting carriers of drift velocity vg in semiconductor is discussed. The magnetic field
applied is parallel to the interface and perpendicular to the direction of propagation of the waves. In
this communication, we aim to investigate the dispersion characteristics of magnetostatic surface waves
propagating in this structure with frequency range at which both =5 and p, is negative in the left-handed
material which exists in the metamaterials.

2. The dispersion relation

The structure geometry of the problem considered here is shown in Fig.(1). The structure consists of
the ferrite yttrium iron garnet film(YIG), which occupies the region 0 <y < a and a semiconductor film
which occupies the region ¢ <y < a + b. They are bounded by LHM cover of the space y > a+ b, and
the metal substrate of the space y < 0. We present the dispersion equation for transverse electric (TE)
waves propagating in the z direction with a propagation wave constant in the form expl[i(kz — 27 ft)],
where k is the propagation constant, and f is the operating frequency. The magnetic permeability tensor
of the gyromagnetic ferrite film is given by [1-4]:

pro ipg 0O
pplw)=po | —ipz p1 0 (1)
0 0 1

Where py = pup[l + fofm/fe — f2, w2 = upf fm/f2 — f2. The tensors are called the usual Polder
tensor elements, with fo = (1/2%)yuoHo and f,, = (1/27)yuoMop, Ho is the applied magnetic field,
My is the dc saturation magnetization, pp is the background optical magnon permeability and + is the
gyromagnetic ratio. The ferrite has also a dielectric constant .

The dielectric function of semiconductor is expressed by [15] as: £, = £0e g —okjvo/w? —io(w—k,vo)/w?

£p represents the dielectric constant of semiconductor, k; = I'm k, and k, is real k, o is conductivity,
where o = nopm, [15], no is carrier density, vg is the carrier drift velocity in the semiconductor and e, is
mobility.

From Maxwell’s equations we can obtain electric and magnetic field components in three regions under
the following assumptions [15]:
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Fig. 1. Magnetostatic surface waves waveguide composed of ferrite film, semiconductor film and
coordinate system

(1) The magnetostatic approximation VzH = 0 is employed in the ferrite film.

(2) Collision dominance in semiconductor film.

(3) The metal plate is assumed to be a perfect conductor. The electric and magnetic field vectors for
TE waves propagating along z-axis with angular frequency w and wave number %, are defined as:

E=10,0 E(w,y)] expilky,z—wt), (2a)

H=[Hy(w,y), Hy(w,y), 0] expi(ky z —wt). (2b)
The wave equation in each media is obtained from Maxwell’s equations in three layers :

a - In LH cover. Both a negative dielectric permittivity and permeability are written as [10-14]:

2 2
w Fuw
_ P _
W@) = 1= h ) = 1= 3)
with plasma frequency w, and resonance frequency wq.
The wave equation can be found easily from the Maxwell’s equations as :

0’ E,

ayg - k%(ni - Eh/’bh) Ez - 07 (4)

1
Where n, = ky/ka, ko = w/e, ¢ = 1/(gop0) /2, eo and po are the dielectric permittivity and magnetic
permeability of free space respectively.
The exact solution of Eq(4) has the form:
1

, aE!
E, (y) =Ce F, fﬂn::(—l/uvuouh)7i77

(5)

where ks = kov/n2 — eppy, is decay constant of the waves in LH cover. C is an amplitude coefficient
which can be determined by the boundary conditions.

b - In semiconductor film.
The Maxwell’s equations can be written as:

VxFE=iwpH
VxH=—iwe, E (6)

The wave equation is:

PE, w? 9
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An appropriate solution for Eq.(7) is given by [16]

ok,
E,(y) =4 ey 4 Aje kv [, = (—1/iwpp) 3 (8)
Y
where k1 = koy/n2 — &s.
b - In ferrite film.
The curl Maxwell’s equations are:
or, . ,
a—y - Zwﬂa(ule + ZMZHy)7
kIEz - _wMO(_iMQ Hz + p Hy)7 (9)
ik, H, — Of, _ 0.
y Ay
By these equations, the wave equation is:
PE,
o k2B, = 0. (10)
The solution of Eq.(10), corresponding to a surface wave localized in the layer 0 < y < a, is given by:
E. (y) = By Y  Bye *2v, (11)

B, By are amplitude coefficients, they can be determined by the boundary conditions where ko = sk, is
magnetostatic wave number of the z direction, s = &1, for £1 = where s = 1 stands for the propagation of
the waves in the forward direction , and s = —1 stands for the propagation of the waves in the backward
direction. From these equations, the magnetic field H, is written as:

(kypo — kopn)Bre®2V + (kypo + ko) Boe F2¥

o, = :
’ iwpo (i — p7)

(12)
The boundary conditions at all interfaces requires that both H, and F, components are continuous
but for the electric field in metal which is zero F,(metal) = 0 at y = 0 because the metal is a perfect
conductor of ¢ — o0 and k; — oo.
As a result of applying the previous boundary conditions, the dispersion equation is then:

ks (ky —W)e kot _ (k) 4 W) hi(a=b) .
ki, (ky — W)e k(@td) (k)  W)e Fi(ab)’

ka2 —hap1 (1/ tan ch(k
where W — kztz—kain(l/ tan chksa))
(n5—ni)

3. Numerical results and discussion

In the present work, the numerical calculations for a LH cover, ferrite, and semiconductor, are taken
with the following parameters: w,/27 = 10GHz, wo/27 = 4GHz, and F' = 0.56 [9], the applied field,
pwoHo = 015 T, pgMo = 0175T pup = 1, 5 = 1, v = 1.97 x 101! rad/sec. T and e = 15.68,
no = 1021 /m3, p,, = 22m?/V.s for semiconductor film[15 ].

The dispersion equation (13) has been solved to compute the frequency versus the effective wave
number for different values of the ferrite film thickness (a). We have solved Eq.(13) in the form of a
complex wave number k, = k, 4+ i¢k;. We consider two interaction cases between the magnetostatic
surface waves and a stream of drifting carriers in semiconductor as: (1) s =1 and vg = 1 x 105 m/s, (2)
s = —1and vo = —2 x 10°> m/s.
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Fig. 2. Dispersion curves of magnetostatic surface waves for €5 < 0, pr < 0, for (1) a = 1.2 X 107° m,
(2) e =1x107° m and (3) a = 0.7 x 107" m. The curves are labeled with values of b =1 x 107° m,
s=1,v0=1x10° m/s, ng = 1021 m?, Lo, = 2m2/V.s and v = 1.97 X 10 rad /T.s.
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Fig. 3. Dispersion curves of magnetostatic surface waves for e, < 0, up < 0, for(1) a = 1.2 x 107° m,
(2) a =1x107° m and (8) @ = 0.7 x 1075 m. The curves are labeled with values of 5 = 1 x 107° m,
s=—1and vg=—-2X 105m/s .

Fig.(2.a) shows that for this set of parameters, the frequency range in which both ¢, and puy are
negative is from 4 GHz to 6 GHz. In this range, and when s = 1 and vgp = 1 x 10° m/s, the computed
dispersion curves (f versus k, ) for different values of ferrite film thickness show that the waves propagate in
the backward wave direction. Fig. 2(b) illustrates (f versus k;) for different values of ferrite film thickness.
Also magnetostatic waves turn their direction from forward to backward. This forward behavior of waves
has been obtained by Yamada and Chang in the absence of (LHM) [15].

We notice that both the wave phase velocity v, = ,j—x and the wave group velocity v, = 887“1 dispersions
are affected by the thickness of the ferrite film(a) where v, decreases to positive values and v, decreases
to negative values by decreasing the YIG thickness (a) this means that the cover behaves as a left handed
medium. Figs.(3a,b) display examples of dispersion curves for different values of the ferrite film thickness
at s = —1 (backward traveling) and vo = —2 x 10° m/s. We see that waves change from backward
traveling direction to forward traveling one. A strong shift is also observed to higher values of f as a is
increased.

Figs.(4a,b) also illustrate the dispersion curves for different values of carrier drift velocity vg. On
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Fig. 4. Computed dispersion curves for (1) vo = —7 x 10° m/s, (2) wo = —5 x 10° m/s, (3)
vo=-2x10"m/s,s=—-1,a=1x10"mand b=1x10"% m.

increasing vy to the values (—2x 10° m/s and —7 x 10° m/s), the wave phase velocity v, increases sharply
in the forward direction.

4. Conclusion

In this communications, we investigate for the first time the propagation characteristics of the
surface waves in a waveguide structure containing nearly artificial left- handed materials, semiconductor
and ferrite. The obtained results show many interesting features which may be used in design future
microwave-photonic devices, we believe these results could be useful and important for a deeper
understanding of the propagation.
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XapaKTepUCTUKNA MATHITOCTATUYHUX [IOBEPXHEBUX XBUJIb y XBUJILOBO/IHIi
CTPYKTYpi MeTramarepiaji-depur-HaniBIpPOBi AHUK

X.M.Myca, M. Eav-Abadra, M.M.Illa6am

JocaimkeHo XapaKTepUCTHKA TPOXOXKEHH I MeTHETOCTATHYHNX TIOBEPXHEBAX XBUIE y MMApyBaTiil
CTPYKTYDI, 10 CKIATaeThest 3 GepuToBOl IIACTAHN (3ai30-iTpueBnii rpafar, YIG), HamiBIpoBi THAKA,
"migoro"Marepiany (LHM) Ta MeTaseBoi maacTuHu. Y TOKPHUTTI 3 "miBoro"MaTepiaty gK AieTeKTpHIHA,
TaK i JiaMarHITHa TPOHWKHICTE € BiJ€MHUMU Yy TIeBHOMY mianazoHi dacToT. Jlocmimkeno amcmepciitai
BJIACTHBOCTI MATHITOCTATHIHUX MOBEPXHEBUX XBUJIL. BusBieno, mio icayBanus "aiBux"MaTepiasisB cTu-
MYJTFO€ TIePeTBOPEHHSI TPSIMAX MOBEPXHEBUX XBUIL ¥ 3BOPOTHI Ta HABMAKW. 'TaKoXK MOKa3aHO, MO GBI
BUCOKi 3HaYeHHS YacTOT XBUJITh OTPUMYIOTECS ¥ GIJBIT TOBCTHX DEPUTOBUX TLTIBKAX.
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