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This work is devoted to the study of phase and group velocities of the surface eigen electromagnetic waves that
propagate along the left-handed planar slab that bounded by the dielectrics with different permittivity values at the
both sides of considered slab. It has been shown that the change of metamaterial slab thickness substantially

influences on dispersion of the waves under investigation.

PACS: 52.35g, 52.50.Dg

INTRODUCTION
The modern composite materials, that known as
metamaterials show  fascination electrodynamics

properties. At present time the intensive theoretical and
experimental studies of metamaterials are carried out in
numerous scientific laboratories all over the world.
These studies are stipulated by the perspective usage in
different technological applications, such as image
processing, designing of subwavelength devices, and
optical cloaking and superlensing [1-4]. The basic
feature of these materials is the fact that the directions
of the group and phase velocities of electromagnetic
bulk waves in such materials are opposite directed [1].

In recent years the new artificial materials have been
created with both negative effective permittivity and
effective  permeability over some frequency
ranges [2,3]. The materials of such type are often called
left-handed materials (LHM).

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 [2-4]. 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.

1. 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 &(w) and

permeability ,u(a)) that depend on the wave frequency

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

frequency of LHM. In further study it was considered
LHM with @, /27 =10 GHz and @, /27 =4 GHz and

parameter F =0.56 [4].

This left-handed 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 one side of LHM slab and
dielectric with &, and g, is located at another 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 ¢ and coordinate and z is
expressed the following form:

E,H oc E(x), H(x)expli(k,z — wt)], 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
H -type and another — wave of F - type.

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

hhe(w) +&6,x°
g(a)) K (hzgl + hlgz)

here h =k —guk’, hy =Ak; —ek*
k= k2 —s(o)ulw)k® , k=wlc, 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 ™ +Cye™*
E.(x)=k(Ce ™ + Coe ™ )i(k £(o)) )
E.(x)= iK(Cle” Al N )/(k &(w))
here C, and C, — are wave field constants.

tanh(/c A) =0, 4)

Wave field components, normalized on the H (0),

in the left dielectric region possess the form:

H, (x) =eh?
E (x)=ke" /(k &) (6)
Ez(x)z ihe"™ /(k g).
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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 &,),

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

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

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

hlhzﬂ(a))z + :ulluZKz tallh(K A) =0. (9)

,u(a)) K (hZIul + 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, (Cle'” + Cze””)/(k (o))
H_(x)= —iK(Cle” - Cze'”)/(k (0)),
here C, and C, — are wave field constants.

(10)

Wave field components, normalized on the £,(0),
in the left dielectric region
E, (x) ="
H, (x) = _ksehlx /(k /Ul)
H, (x) = —ihe"" /(k /11)'
In the right dielectric region the wave field
components, normalized on the E (0), can be written

an

as
E, (x)=Be™*
H, (x) =Bk " /(k /Uz)
Hz(‘x) =i Bhe™ /(k ﬂz) >

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

B=-2 Iy pt, u(@)e""" (11,
C, =y u(@) (hypa(@) = 115 (11, 5 P)
C, = ~hy p(@) (hyp(@) + p)e”* Ny 1 ¥)
here ¥ = (e’** +1) (@) hy +(&*** 1) u, .

(12)

(13)

2. MAIN RESULTS

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

=M
analyzed in detail in our previous work [5]. 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.

and are shown at Fig. 1. This case was
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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<Q<1.5. The lines (a, d) corresponds
with £=Q./ €12, the line(c) corresponds to
Q=w/w, =1 and the line (b) - & =Q,/e(@) (@) .
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Fig. 1. The dependence of the normalized frequency
Q =w/w, on dimensionless wave number & =k,c/ w,

Jor left-handed material slab thickness w,A/c=2,
(&=1, =2, yy=u, =1 forall Figs)

Let's consider the phase V,, =w®/k; and group

velocity V,, for the surface E- and H -waves that

corresponds to line 3, 5, and 6 on Fig.1. The dependence of
the normalized phase velocity on normalized frequency for
fixed value of slab thickness A is shown at Fig. 2.
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Fig. 2. The dependence of the normalized phase velocity
V.. /c of H-wave (line 6 on Fig. 1) on of the normalized
frequency Q = w/ w, for different left-handed material

slab thickness o)A/ c=1;1,5; 2

It is shown that the surface waves are slow and
strong frequency-dependent in that frequency region
when central slab material demonstrates left-handed
behavior. It is clear that this dependence is different for
different values of slab thickness. So, the phase velocity
of considered waves at fixed frequency is changed with
changing value of slab thickness A. This so-called a
geometric dispersion is shown on Fig. 3. At Fig. 3 the
lines 1, 2 correspond to H —waves (see lines 5, 6 on
Fig. 1) at fixed frequency (Q=1,198 and Q=1,215
accordingly) and the line 3 correspond to E —wave. (see
line 3 on Fig. 1) at fixed frequency Q =1,315.
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Fig. 3. The dependence of the normalized phase velocity
V.,./c on lefi-handed material slab thickness

w,Alc=2, for the surface E - and H -waves

Dependence of V,, and ¥, on the slab thickness is

most strong at the values of metamaterial thickness,
which, as we know, while it is not succeeded to create.

Practical possibility of control on velocities of waves
will be possible in such structures on condition of
creation of so thin metamaterials.
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Fig. 4. The dependence of the normalized group velocity
V,. /¢ onof the normalized frequency Q = o/ w, for

left-handed material slab thickness oyA/c =2

Group velocity of the wave is defined in such manner
V, =000k, . (14)
The dependences of the normalized group velocity

on normalized frequency for fixed value of slab
thickness A are shown at Fig. 4.

At Fig. 4 the line 1 corresponds to £ -wave (see line
3 on Fig. 1) and the lines 2, 3 correspond to H -
waves (see lines 5, 6 on Fig. 1). It's clear, that the
surface E -wave is a forward, and the surface H - waves
are the backward waves.

Thus the group velocity of E -wave on an order is
higher than one for H-wave.

All modes on Fig. 4 show the strong group velocity
dependence on wave frequency. Moreover, there are the
linear dependences in some frequency bands.

These features may be very useful for practical
application both in linear and nonlinear regimes.

CONCLUSIONS

We have shown that the surface electromagnetic
waves in structures which involved a LHM slab, may be
both forward waves and backward waves. In the
backward waves the directions of the group and phase
velocities are opposite directed.

The considered waves are slow, have the clearly
mutually spaced frequency bands and the different wave
polarizations.

It was obtained that the phase and group velocity of
considered waves at fixed frequency essentially depends
on the value of slab thickness. This fact allows us to
signal control more effectively.
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®A30BAA U TPYIIIIOBASA CKOPOCTHU COBCTBEHHbBIX 9JIEKTPOMATHUTHBIX BOJIH
B CJIOE JIEBOCTOPOHHET'O MATEPUAJIA

H.A. A3apenkos, B.K. I'anaiioviu, B.Il. Onegup, A.E. Cnopos

Pabota IMOCBsIICHA
QJICKTPOMAaruuTHBIX  BOJIH,

n3ydeHuro  (azoBoil u
PacIIpOCTPAHSIOIIMXCSI

rpynInoBoH
BJOJIb

COOCTBEHHBIX TMMOBEPXHOCTHBIX
JICBOCTOPOHHETO  Marcpuralia,

CKopocTeit
IUIOCKOTO  CJIOs

OrpaHUYCHHOIO AWDBJICKTPUKAMU C PaA3JIMYHBIMU 3HAYCHUSIMHU ,HPIBJ'IGK’I‘pH‘lGCKOfI MPpOHULIAEMOCTHU. HOKaBaHO, qTO
HU3MCHCHUC TOJIHWHBI CJIOd METaMaTepuajla CYHIECTBEHHO BJIHACT Ha (l)a3OByIO U TPpYNIOBYHO CKOPOCTHU

HCCIICAYCMbIX BOJIH.

DA30BA TA T'PYIIOBA HIBUJAKOCTI BJIACHUX EJIEKTPOMATI'HITHUX XBHJIb
Y IIAPI JIIBOCTOPHHBOI'O MATEPIAJTY

M.O. Azapenkos, B.K. I'anaiiouu, B.Il. Oneghip, O.€. Cnopos

PoGoty mpucesiueHo BHBUYeHHIO ()a30BOi 1 TPYMOBOI MIBUAKOCTEH BIIACHUX MOBEPXHEBUX €JIEKTPOMATHITHUX
XBUIJIb, 10 HOLIMPIOIOTHCS Y3IOBXK IUIOCKOTO LIAPy JTiBOCTOPOHHBOTO MaTepially, 0 0OMEXeHHH AieTCKTPUKAMH 3
PI3HUMH 3HAYEHHSAMH JieNeKTPUYHOI MPOHUKHOCTI. [Toka3aHo, 10 3MiHa TOBIIMHH [Iapy MeTaMmarepiany CyTTEBO
BIUTHBA€E Ha (ha30BY i TPYMOBY IIBUIKOCTI XBHJIb, 1[0 BUBYAIOTHCS.
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