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This study is devoted to the dispersion properties of the electromagnetic surface eigen waves that propagate
along the left-handed planar slab that is bounded by the air (vacuum) and the medium with positive plasma-like
permittivity. Both the left-handed slab and the media are assumed to be isotropic and have zero losses. We present
the results of the studying the phase and group velocities of the considered waves.
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INTRODUCTION

At last decades both theoretical and experimental
studies of new composed materials which are often
called as metamaterials are carried out in the whole
world. Such metamaterials possess many unique
physical properties which are not found among the all
usual substances [1].

The basic feature of these materials is the fact that
the directions of the group and phase velocities of
electromagnetic eigen waves in such materials are
opposite directed, that’s why such materials are called
left-handed materials (LHM). These unique properties
give the opportunity to design innovative devices with
previously unavailable characteristics [2]. Possible
technological applications include many areas, such as
superlensing, optical cloaking, image processing and so
on. In addition it should be mentioned the research
carried out at the Argonne Wakefield Accelerator
Facility; specifically, the investigation of the LHM
application to control the dispersion relation in a loaded
waveguide [3, 4].

Designing such new devices is impossible without
detail theoretical investigation of the electromagnetic
properties of the waveguide structures with
metamaterials. At present planar waveguide structures
with  metamaterials are widely used in the
investigations. In different leading scientific laboratories
of the world it was considered various planar waveguide
structures which contains LHM embedded either by
vacuum or by different ordinary dielectrics with
constant permittivity [5-7]. But using ordinary
dielectrics which bound the metamaterial slab leads to
the narrowing of possible wavenumbers range for the
eigen surface electromagnetic waves of such structures
as compared with vacuum bounds.

In the present work we study the planar waveguide
structure that consists of the left-handed metameterial
slab immersed in the non-magnetic plasma-like media
which permittivity depends on the wave frequency.
Plasma, metals, semi-metals and metamaterials with
appropriate parameters [8] possess such electric and
magnetic properties in some frequency ranges.

1. STATEMENT OF THE PROBLEM

The considered electromagnetic waves propagate
along the planar waveguide structure that is made of
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isotropic LHM slab of thickness A. This material is
characterized by effective permittivity g(a)) and
permeability (o) which depend on the wave

frequency and are commonly expressed with the help of

experimentally obtained expressions [2]:
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here o, is effective plasma frequency, @, is the

characteristic frequency of LHM. In further study we
consider the LHM with ®,/27=10 GHz,

@, | 27 =4 GHz and parameter F =0,56 [5].

This LHM slab is bounded on one side by the
artificial isotropic nonmagnetic (4, =1) material with

no losses and the effective permittivity
2
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here ®,, is effective plasma frequency for

neighbourhood medium, we choose
®,, 127 =3,2 GHz. Such parameters ratio leads to the

existence of the frequency range within which
¢(w)<0 and 0<e¢,(w)<1 simultaneously. The semi-

bounded conventional dielectric with constant dielectric
permittivity g =1 and permittivity 4 =1 is located on
the other side of LHM slab.

Let’s consider electromagnetic wave that propagates
along this structure. It is assumed that wave disturbance
tends to zero far away from LHM and the dependence
of the wave components on time t and coordinate z is
chosen in the following form:

E,H oc E(x), H(X)exp[i(k,z — at)], 4)
here x is the coordinate rectangular to the wave
propagation direction and to the LHM slab.

In this case it is possible to split the system of
Maxwell equations into two subsystems. One of them
describes the waves of H -type and the other — wave of
E-type.

The wave of E-type possesses the dispersion relation
in the following form:
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e(o)x [hzg1 +he, (a))] +
[hh,e (o) +&¢&, (0)x*]tanh (x A) =0’

here  h = kZ —euk®,
k= ki —s(@)ulwk?® , k=wlc, c is the speed of

light in vacuum.
In the region of LHM slab the wave field
components, normalized by the H, (0), can be written

as:

(5)
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H,(x)=Ce"* +Ce™",
E,(x)=k(Ce +Ce ik £(0)),  (6)
E,(x)=ix(Ce"* ~Ce ™ (K 2(w),
here C, and C, are wave field constants.

In the air (vacuum) region the wave field
components, normalized on the H, (0), possess the

form:
H, (x)=e""
E,(x)=ke" /(k &) W)
E,(x)=ihe™ /(k &)
In the plasma-like half-space the wave field
components, normalized by the H, (0), can be written

- H, (x)=Ae™,
E, (X) = Ake™ /(k &, ()), (8)
E,(X)=—i Ahe™ /(k &,(@)),

here A is wave field constant. These constants are of
the following form:

A=-2h & (o) (@)™ I(g¥,),
C,=h &(w) [hzg(a)) - () K‘:|/(81 k¥e), (9
C, =—h &(®) [he(@) +&, (o) x| (5 Ve),
Ve =€ +) e(w) h, +(*** -1) ¢, (w) k.

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

,U(w)’((hzlﬁ"'hl/lz)"'
[hh,u()’ + tpx*tanh (x A) =0,
In the region of LHM slab the wave field
components, normalized by the E (0), can be written

as:

(10)

E,(x)=De"*+D,e™"",
H, (x) =k, (De™ +D,e ™)/ (k u(w)), (11)
H, (x) =—-ix(De" = De ™)/ (k u(w)),
here D, and D, are wave field constants.
Wave field components, normalized on the E, (0),
in the air (vacuum) region:
E,(x)=e"",
H, (x)= k" /(k 1),
H,(x)=—ihe™ /(k ).

(12)
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In the plasma-like half-space the wave field
components, normalized by the E, (0), can be written
as:

—h,
E,(x)=Be ™",
H, (x)=—Bke ™ /(k 1),
HZ(X): iB hz(57h2X /(k ,uz)’
here B is wave field constant. These constants are of
the following form:

B=-2h s, u(@)e™ ™" I(14¥,,),
D, =h, w(w) (@) - 1K) (14 kP, ),  (14)
D, =—h u(w) (hu(w) + p,x)e* [ (14 ¥,
Yy =" +) (o) h, + (€ =D g, &

2. MAIN RESULTS

The results of numerical calculation of dispersion
relations for E and H-waves for the selected set of
parameters are shown at Fig. 1. There are four solutions
of two dispersion equations (5) and (9).

Curves marked by the numbers 1, 2 correspond to
the waves of E-type and curves marked by the numbers
3, 4 correspond to the waves of H-type. For the chosen
set of parameters the condition that the central
metamaterial demonstrates left-handed properties
(e(w) <0 and p(w)<0 simultaneously) is valid for
the normalised frequency 1<Q<1.5. The lines (a) and

(b) represent the curves & =Q,fe, and &=0Q,f¢, , and
the line(c) — & = Qe(@)u(w) .
2

a
Q b 1

(13)
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Fig. 1. The dependence of the normalised frequency
Q= w/ w, on dimensionless wave number & =Kk,c/ o,
for LHM slab thickness
w,Alc=0,5, =1, =p,=1

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

velocity V, =dw/dk, for E- and H-waves which

correspond to lines 2, 3, 4 on Fig. 1.The dependence of
the normalized phase velocity on normalized frequency
for fixed different values of slab thickness A is shown
on Figs. 2, 3.

For the one of H-waves (its dispersion is represented
by the line 3 on Fig. 1), dependence of the phase
velocity on the frequency varies substantially with
decreasing of the slab thickness (see Fig. 2). Number 1
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on Fig. 2 corresponds to the slab thickness apA/c=1,
number 2—apAlc=1.5, number 3 — apAlc=2.

For the other H-mode (its dispersion is given by the
line 4 on see Fig. 1), dependence of the phase velocity
on the frequency does not change with decreasing of the
slab thickness (see Fig. 3).

It is shown that the surface waves are slow and
strong frequency dependent in that frequency range
where central slab material demonstrates the left-
handedness.

Phase velocity of the considered waves at fixed
frequency changes with changing the value of slab
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Fig. 2. The dependence of the phase velocity V,,,/c of

the one H-wave which dispersion is shown by the line 3
on Fig. 1 on the frequency Q = w/ @, for different left-

handed material slab thickness @,A/c=11.5;2
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Fig. 3. The dependence of the phase velocity V,,, /c of
the other H-wave which dispersion is presented by the
line 4 on Fig. 1 on the frequency Q= w/ @, for
different left-handed material slab
thickness gyA/c=1,1.5;2

thickness A . This dependence is called as geometric
dispersion — it is shown on Fig. 4.
Dependence of Vand V  on the slab thickness is

most strong for those values of metamaterial thickness,
which, as we know, are not succeeded to be produced
up to now. Practical possibility of managing the waves
velocities will be run in such structures when rather thin
metamaterials will be produced.
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On Fig. 5 the line 1 corresponds to E —wave which
dispersion is represented by the line 2 on see Fig. 1. The
lines 2 and 3 correspond to H —waves which dispersions
are given by the lines 3 and 4 on see Fig. 1. As we can
see the modes considered are both forward and
backward. Especially it should be noted the presence of
H-mode with zero group velocity.

The modes on see Fig. 5 show strong group velocity
dependence on frequency, including linear dependence.
These features can be wvery useful for practical
applications.

CONCLUSIONS

The possibility of existence of surface
electromagnetic eigen waves which propagate along the
left-handed planar slab bounded by the vacuum and the
medium with positive plasma-like permittivity is shown.
It is demonstrated that the surface E-wave is a direct
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Fig. 4. The dependence of the phase velocity V,,,/c on
left-handed material slab thickness. 1: E-wave (with
dispersion shown by the line 2 on Fig. 1,Q2=1,64);
2: H-wave (with dispersion shown by the line 3 on
Fig. 1, Q=1,23); 3: H-wave (with dispersion shown by
thelined4onFig. 1,Q=1154)
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Fig. 5. The dependence of the group velocity V,, /c on
of the frequency Q = @/ w, for left-handed material
slab thickness m,A/c=1. 1: E-wave (with dispersion

shown by the line 2 on Fig. 1); 2: H-wave (with
dispersion shown by the line 3 on Fig. 1); 3: H-wave
(with dispersion shown by the line 4 on Fig. 1)
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one (group and phase velocities coincide in the
direction) and H-polarized wave is backward one (phase
and group velocities are directed oppositely).

It is shown that the phase velocity of one of the H-
waves is weakly dependent on the thickness of the
metamaterial slab, that is important for technological
applications. The absolute value of the group velocity of
H-waves can be quite low, down to zero. The linear
frequency dependence of group velocity of E-waves in a
combination with a relatively broad range of its
existence makes this mode very perspective one.

In particular it should be noted that the length of the
surface waves is much less than the length of bulk
electromagnetic waves, which significantly reduces the
size of technological devices.

The results obtained in this work can be useful for
the modelling and designing of modern nanodevices
based on metamaterials.
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HOBEPXHOCTHBIE 3JIEKTPOMATI'HUTHBIE BOJIHBI B CJIOE JIEBOCTOPOHHEI'O
MATEPHAJIA, IIOT'PY>KEHHOI'O B IVIASMOIIOAOBHYIO CPELY

B.K. I'anaiioviu, H.A. A3apenxos, B.I1. Onegup, A.E. Cnopoe

I/I3yqu1)1 CBOMCTBA CO6CTBCHHI>IX TOBEPXHOCTHBIX JJICKTPOMArHUTHBIX BOJIH, PACIIPOCTPAHAIONIUXCSA BAOJIb
TJIOCKOH BOJTHOBOJHOMW CTPYKTYPBI, COCTOSIIEH U3 CJI0s IEBOCTOPOHHETO MaTepHuaia, OTpaHUUYEHHOTO BaKyyMOM, U
T1a3MOTIOA00HON CPEeol ¢ MUANIEKTPUIECKON MPOHMUIIAEMOCTHIO, 3aBHCAIIEH OT 4acTOThl. Clioil JI€BOCTOPOHHETO
MaTepuaja W OKpPY)KaloIIHe Cpeabl IPEIoaraloTcs H30TPONHBIMA ¥ OE3IHMCCHITaTUBHBIME. [IpencTaBieHbI
pe3ynbTaThl U3ydeHUs (Da30BOM U TPYIIIOBOM CKOPOCTEH paccMaTpUBAaEeMBIX BOJIH.

HOBEPXHEBI EJIEKTPOMAT'HITHI XBUJII B ITAPI JIIBOCTOPOHHBLOI'O MATEPIAJY,
3AHYPEHOI'O B INTASBMONOAIBHE CEPEJOBHUIIE

B.K. I'anaitouu, M.O. Azapeukos, B.Il. Oneghip, O.€. Cnopos

BuBueHO aucriepciiiHi BIaCTHBOCTI BJIACHUX IOBEPXHEBHX EJIEKTPOMArHITHUX XBWb, SIKI TOIIMPIOIOTHCS B
TUIACKIH XBUJIEBOJHIN CTPYKTYpI, sIKa CKIIaJaeThCs 3 1Iapy JIBOCTOPOHHBOTO CEPEIOBHINA, L0 MEXKYE 3 BaAKYyMOM
Ta IUIa3MOMONIOHUM CEpeJOBHIIEM 3 JIeJCKTPUYHOI0 IPOHMKIMBICTIO, sKa 3ajexuth Bix uwactotu. Llap
JIBOCTOPOHHBOTO MaTepialy Ta OTOUYYyIYi CEepelOBHIIA BBaXKAIOTHCS I30TPONHMMH Ta O€3AMCHIIATHBHUMHU.
IIpencraBiaeHo pe3yabTaTH TOCIIKeHHS (a30BOi Ta IPYMOBOT IBUIKOCTEH XBUIIb, 1[0 BUBYAOTHCS.
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