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The peculiar properties of surface type electromagnetic waves that propagate along the planar waveguide structure
with left handed material bounded by conventional dielectric regions with different permittivity were studied in this
work. It was shown that difference in dielectric’s permittivity essentially influences on the dispersion properties and
radial wave field structure of the waves considered. The results obtained can be useful in future biophysical and image

processing applications and others.
PACS: 52.35g, 52.50.Dg

1. INTRODUCTION

In recent years the new artificial materials have been
created with both negative effective permittivity and
effective permeability over some frequency ranges [1].
The materials of such type are often called left-handed
materials (LHM). At first the LHM were composites,
containing the periodic metallic inclusions of certain
forms. Nowadays it has been obtained that artificial
crystals of pirovskite class demonstrate left-handed
properties [2].

The existence of left-handed materials opens up the
new research fields in modern science and technology.
Devices, based on the waves that propagate in the left
handed materials are the matters of intensive theoretical
and experimental studies [3]. The situation, when a LHM
slab divides two dielectrics with different permittivity
rather then equal ones, is more frequent in the possible
applications.

The aim of this work is to investigate the specific
features of the electromagnetic waves that propagate
along the interfaces of a left-handed planar slab that
bounded by the conventional right-handed media with
different permittivity.

2. TASK SETTING

The considered electromagnetic wave propagates
along the planar waveguide structure that is made of left
handed material slab with thickness A. This material is
characterized by effective permittivity g(a)) and
permeability y(cu) that depend on the wave frequency

and commonly expressed with the help of experimentally
obtained expressions [4]:
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here w, is plasma frequency, @, is the characteristic

frequency of LHM. In further study it was considered
LHM with @, =10 GHz and @, =4 GHz and parameter

F =0.56 [5].

This left-media slab on both sides is bounded by
semi-bounded conventional dielectrics with different
constant permittivity and permeability. Dielectric with ¢

and g is located at the left side of LHM slab and
dielectric with ¢, and u, is located at the right side.

Let’s consider electromagnetic wave that propagates
along the interface between left and right handed
materials. It was assumed that wave disturbance tends to
zero far away from LHM and the dependence of the wave
components on time t and coordinate and z is expressed
the following form:

E,H o« E(x),H(X)expl[i(k,z—at)], 3)
here X is coordinate rectangular to the wave propagation
direction and to the LHM slab.

In this case the system of Maxwell equations split on
two subsystems. One of them described the waves of E -
type and another — wave of H -type.

The wave of E -type possesses the dispersion relation
in the following form:

hhe(o) + &6,k tanh(x A)=0, @)
5((‘)) K (h2gl + hl‘92)

here h = yk; —guk*, h, = ki —euk*
k =k —slo)u(w)k® , k=w/c, were ¢ is the speed of

light in vacuum.
In the region of left-handed material the wave field
components, normalized on the H, (0), can be written as:

H,(x)=Ce"* +Ce™",
E,(x)=k;(Ce** +Ce ™ i(k £(0)), Q)
E,(x)= i/((Cle"' *—Ce ™" )/(k (),
here C, and C, — are wave field constants.

Wave field components, normalized on the H, (0), in
the left dielectric region possess the form:
H,(x)=e"",
E,(x)=ke" /(k &), (6)
E,(x)=ihe" /(k &).
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In the right dielectric region the wave field
components, normalized on the H,(0), can be written as:

H,(x)=Be™,
E,(x)=Bke ™ /(k &,), (7)
E,(x)=-i Bhe™ /(k s,),

here B is wave field constant. Such constants are of the
following form:

B=-2h, &, s(@e™ /(s ¥),
C, = h &(w) (he(w)—&,6) /g, K ¥), (8)
C, =—h, &(w) (he(w)+&,6)e* " /g, K P),
here ¥ =(&*** +1) e(w) h, +(&*** -1 ¢, k.

Similarly wave of H -type possesses the dispersion
relation in the following form:

2 2
hth/l(a)) + LK tanh(/c A) =0, (9)
/U(a)) K (hzﬂl + hlﬂz)
In the region of left-handed material the wave field
components, normalized on the E, (0), can be written as:

E,(x)=Ce"* +Ce ™",
H, (x) =k, (e +Ce ™ ik u(o)).

H,(x)= —iK(CleKX -C,e ™" )/(k ),
here C, and C, — are wave field constants.

(10)

Wave field components, normalized on the E (0), in
the left dielectric region:
E, (x)=e"",
HX(X) = _k3ehlx /(k /ul)’
H,(x)=—ihe" /(k 4 ),
In the right dielectric region the wave field
components, normalized on the E, (0), can be written as:

E,(x)=Be™,
HX(X): _Bkseihzx /(k ﬂz)»
H,(x)=iBhe ™ /(k ),

here B is wave field constant. Such constants are of a
following form:

B=-2h u, u(w)e™*/(1¥),
C, =y w() (hyu(w)— ) /(11 6 ¥),
C, = -h u(@) (hyu(w)+ p,x)e* * (1, k' ¥),
here ¥ = (&*** +1) u(w) h, +(&***-1) W K.

(11
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3. MAIN RESULTS

The results of numerical calculation of dispersion
equations for E - and H -waves for the case ¢ =¢,,

M, = p, and different left-handed slab thicknesses @w,A/C

are shown at Fig. 1, 2. This case was analyzed in detail in
our previous work [6]. The dispersion equations (4), (9)
possesses six solutions. Curves marked by the numbers
1,2,3,4 correspond to waves of E -type and curves
marked by the numbers 5, 6 correspond to waves of H -
type. For the chosen set of parameters the region when
central material demonstrates left-handed properties

(simultaneously &(w)<0 and p(w)<0) lies in the
region where 1< pu<1.5. A another regions with

dispersions curves possesses plasma-like behavior
e(@w)<0 and w(w)>0. The line (a) corresponds to

& =,/&,m/C, the line (c) corresponds to Q=w/w, =1

and the line (b) - & = \/e(o)u(w)w/C.

The curved presented at Figs. 2, 3 corresponds to the

waves of pure surface type [6, 7].
2
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Fig. 1. The dependence of the normalized frequency
Q =/ m, on dimensionless wave number & =k,c/ o,

for left-handed material slab thickness @w,A/c =0.6,
s=6=1,=u=1

0+ L B R R L BB R T

1© ;
1b.
14C . T
/1
0 Ty rrrrrrs TT vy rrrr o>’ Ty r vy v s
0 1 2 3 4

Fig. 2. The dependence of the normalized frequency
Q = w/m, on dimensionless wave number & =k,c/ o,

for left-handed material slab thickness @w,A/c=0.9,
s=6=1,=u=1

Properties of waves considered depend upon the left
handed slab thickness @w,A/cC, especially for the waves
that propagate in the slab that demonstrates plasma-like
behaviour (see curves 1, 2 of Figs. 1, 2). The increase of
left-handed material slab thickness leads to closing of the
curves 1 and 2, 3 and 4, 5 and 6.

It was obtained that inequality in permittivity of
conventional dielectrics ¢, and ¢, strongly effects on the
electrodynamics characteristics of the waves considered.
The results of the solution of the dispersion
equations (4, 9) for g =1, ¢, =2, y =u, =1 for rather
thin (w,A/c=0.6) and thick (@,A/Cc=0.9) left handed
material slab are presented at Figs. 3, 4.
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The line (a) corresponds to & = \/5_1 w/c, the line (d) It was obtained that similarly with the case of ¢ =¢,
waves with both a forward and backward propagation can

corresponds to & =,/&,w/C other lines and curves have exist in this structure for the case & # &, .

the similar meanings as for Figs. 1, 2. It is necessary to mention that similarly to the case

] 0 a 51// & =&, Figs. 3, 4 possesses the region where E - and H -
] /! //’i type waves with different group velocities can coexist for
1b the same wave frequency and wave vector (curves 3, 6).

o ’ /,6" 3 In the studied case &, # ¢, the regions were the waves
] ‘—75< can exists are reduced and the forbidden frequency
e . STy regions become narrow. Also the absolute magnitude of
R group velocities became smaller. The curves 1 and 2
e became separated. It is necessary to mention that the
2 influence of left handed material slab thickness is much
S S weaker that in the case when ¢, = ¢, .
; The results obtained can be useful for the future
oV £ biophysical and image processing applications and others.
......... S
0 ! 2 8 4 4. CONCLUSIONS
Fig. 3. The dependence of the normalized frequency
Q= w/w, on dimensionless wave number & =Kk.c/ @, The dispersion properties and radial wave filed

structure of electromagnetic waves in planar waveguide

for left-handed material slab thickness ,A/c=0.6, system with left-handed material slab bounded by semi-

g=1,&=2, p=n-=1 bounded dielectrics with different permittivity values
2 . _ were studied in this report.
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SJIEKTPOMATHUTHBIE BOJIHBI B CJIOE JIEBOCTOPOHHEI'O MATEPHAIJIA,
OIr'PAHUYEHHOI'O CPEJIAMHU C PA3JIMYHOM JUIJEKTPUYECKOM TPOHUIIAEMOCTBIO
H.A. Azapenkos, B.K. I'anaiioviu, B.I1. Onegup, A.E. Cnopoe

Hccnenyrorcst  CBOMCTBA MMOBEPXHOCTHBIX  AJIEKTPOMATHUTHBIX ~ BOJIH, PACIPOCTPAHSIONMXCS  BIOJb  IUIOCKOM
BOJIHOBOJTHOW CTPYKTYpBI, COCTOSILIEH M3 CJIOS JICBOCTOPOHHET0 Marepyalia, OrpaHHYEHHOTO OOBIYHBIMH JMAJIEKTPHKAaMU C
pa3IMYHBIME  3HAYEHMSIMH  JMAJIEKTPUYECKOH TpoHHIaeMocTd. IlokazaHo, dYTO pasnuyue B AWIIIEKTPUYECKHX
MIPOHMIIAEMOCTSIX CYIIECTBEHHO BIIMSET Ha JIHCIEPCHIO M paJualbHOE pacrlpesiesieHre mons BosHbl [lomydeHHble
PE3yIIbTaThl MOTYT UCIIONB30BATHCS B JAIIBHEHIIIEM JTsl OMO(PU3MIECKUX MPUIIOKEHHH, B 00pab0TKe N300paKeHUI 1 JIp.

EJEKTPOMATHITHI XBWJII ¥ ITAPI JIIBOCTOPHHBOI'O MATEPIAJLY,
mo OBMEXEHUM CEPEJOBHUILIAMMU 3 PIBHOIO AICJIEKTPUYHOIO IPOHUKJIUBICTIO
M.O. A3zapenkos, B.K. I'anaiiouu, B.I1. Onegip, O.€. Cnopos

JlociipKeHo BIACTUBOCTI MOBEPXHEBUX €IEKTPOMATHITHUX XBWIIb, 110 PO3MOBCIOKYETHCS B IUTACKII XBUIICBOIHIN
CTPYKTYpi, IO CKIANAEThCS 3 IIApy JIBOCTOPOHHBOTO CEPENOBHINA, IO MEXYE 31 3BUUAHUMH JieNIEeKTPUKAMHU 3
PI3HUMH 3HAYCHHSMH MiCJACKTPUYHOI MPOHUKIMBOCTI. IToKa3aHo, MO0 PI3HHUI B MICICKTPHYHHUX MPOHHUKIHBOCTSIX
CYTTE€BO BIUIMBA€ Ha MMCIEPCII0 Ta paliaibHUH po3noAin moist XBuimi. OTpuUMaHi pe3ysibTaTH MOXYTh OyTH
BUKOPHCTaHI y ToiabIIoMy B 6iodi3uili, 00poO1i 300paskeHb Ta iH.
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