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The slow surface electromagnetic waves that propagate along the planar waveguide structure that contains two identical isotropic
left-handed material with the vacuum (or air) gap has been considered. The possibility of propagation of slow surface
electromagnetic waves of TM and TE polarizations in the frequency range at which the dielectric permittivity and magnetic
permeability are negative are shown. By selecting a frequency, one, two or three modes can be excited simultaneously. The group
and phase velocities of the TE polarization waves are directed in opposite directions. The frequency range of the existence of the TE
mode with an antisymmetric field distribution lies above the frequency range of the existence of the TE mode with a symmetric field
distribution. The TM wave, depending on the wavelength, can be either forward or backward, or have zero group velocity. The wave
of TM-polarization has a slightly varying group velocity in a sufficiently wide frequency range. A rich set of different properties of
these waves make them promising in applications.
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MOBEPXHEBI EJJEKTPOMATHITHI XBUJII ¥ IIIJIMHI MI'K
JABOMA JIIBOCTOPOHHIMU MATEPIAJIAMHU
B.K. I'anaiiguy
Xapxiecvruil Hayionanvuuil ynieepcumem imeni B.H. Kapaszina
nn. Ceoboou 4, Xapkis, 61022, Vrpaina

Po3risiHyTO MOBITBHI MOBEPXHEBI €IEKTPOMATHITHI XBUIII, SIKI PO3IIOBCIOKYIOTHCS Y3I0BXK IUIAHAPHOH XBIJICBOAHOI CTPYKTYPH, L0
YTBOpEHA JBOMA 1ICHTUYHUMH i30TPOITHHMH JTIBOCTOPOHHIMH MaTepiallaMH 3 BaKyyMHHM (200 MOBITpstHUM) 3a30poM. IlokazaHo
MOXJIMBICTH TIONIMPEHHS NOBITBHUX MOBEPXHEBUX €JIEKTpOMarHitTHUX XBwib TM- i TE-momspusaniii B obmacti 4acToT, 3a SKHX
JUENeKTPUYHA 1 MarHiTHa MPOHHUKHOCTI Bij’€éMHi. BHOOpPOM 4YacToTH MOXIUBO 30YIHTH OIHY, JBI a00X TPH MOIU OJHOYACHO.
I'pynoBa ta ¢asoBa mBuakocTi xBwib TE-nomspusanii MaroTe nportuiexHi Hanpsamu. O6xacts yactoT icHyBanHs TE-momm 3
AHTUCHMETPUYHUM PO3MOIIIOM IOJIS 3HAXOMUTHCS BHINE 00JacTi 4acToT icHyBaHHSA TE-MOAM 3 CHMETPUYHHM DPO3MOMIIOM OIS,
TM-XBuJIs1, B 3aJI©KHOCTI BiJ TOBXKUHH XBUIIi, MOXKe OyTH ab0 mpsiMoro, ab0 3BOPOTHBOIO, a00K MATH HYJIBOBY IPYHOBY HIBUKICTb.
Xeust TM-nonsipuzauii Mae ciabko 3MiHHY TpYyMOBY IIBHAKICTh B JOCHTH INUPOKii oGnacti yactoT. Bararuii Habip pisHHX
BJIACTHBOCTEH IIMX XBUJIb POOJIATH iX MEPCHEKTHBHUMU B 3aCTOCYBAHHSX.

KJIFOYOBI CJIOBA: niBoCTOpOHHI MeTaMaTepiaii, IOBEPXHEB] €IeKTPOMATHITHI XBUIII, JUCIIEPCisl, MPsSMi Ta 3BOPOTHI XBHII

HNOBEPXHOCTHBIE 3JIEKTPOMATHUTHBIE BOJIHBI B IEJIW MEXAY
JABYMS JIEBOCTOPOHHUMMU MATEPUAJIAMU
B.K. I'anaiiabra
Xapvrosckuii HayuonanrbHul yHusepcumem umenu B.H. Kapazuna
ni. Ceo600wt 4, Xapwvros, 61022, Yrpauna

PaccMoTpeHBl MenJIeHHBIE MOBEPXHOCTHBIE AJIEKTPOMArHUTHBIE BOJHBI, KOTOPBIE PACIpPOCTPAHAIOTCS BAOIb ILUIAHAPHOM
BOJIHOBOJHOI CTPYKTYpBI, KOTOpasi COAEPKUT JBAa WASHTUYHBIX M30TPOMHBIX JEBBIX MaTepuaga ¢ BaKyyMHBIM (MM BO3IYIIHBIM)
3a30poM. Iloka3aHa BO3MOMKHOCTh pAacCHpPOCTPAHEHUSI MENJIEHHBIX IIOBEPXHOCTHBIX JJEKTpOMAarHUTHbIX BoiH TM- u TE-
MOJIAPH3AINi B 00IaCTH YacTOT, PU KOTOPBIX IUAIEKTPUYECcKas U MarHUTHAs IPOHHUI[AEMOCTH OTPHIATENbHEL. BEIOOpOM dacTOTHI
BO3MOXKHO BO30YXKJICHHE ONHOH, ABYX HIM TPEX MOJA OJHOBpeMeHHO. I'pymmoBas u ¢azoBas ckopoct BoiH TE-momspuzanmu
HalpaBJIeHbl B IPOTHUBOIOJIOXKHBEIE CTOPOHBL. O6NacTs 4acToT cymecTBoBaHUS TE-MOIBI ¢ aHTHCHMMETPHUYHBIM paclpe/ielIeHHeM
MoJsI HAaXOJWTCS BbINIE O0NAacTH YacToT cymecTBoBaHHMs TE-Monpl ¢ CHMMeETpHYHBIM pacrpeneieHueM noms. TM-BoiHa, B
3aBUCHMOCTH OT JUTMHBI BOJHBI, MOXET JIUOO MPsAMOii, nb0 oOpaTHOM, TMO0 MMETh HYyJIEBYIO TPYIIIOBYI0 CKOpocTb. Bomna TM-
MOJIApU3AlMU 00JafaeT cnabo MEHSIOIIeicss TPYMIIOBON CKOPOCThIO B JOCTATOYHO INHPOKOW obmactu 4acToT. borateiit Habop
Pa3IUYHBIX CBOMCTB 3THX BOJH JIENAIOT UX MEPCIEKTHBHBIMU B IPUMEHEHHH.

KJIFOYEBBIE CJIOBA: neBocTOpOHHHE METaMaTepHajbl, IOBEPXHOCTHBIC JIEKTPOMAarHUTHBIE BOJHBI, TUCIEPCHUS, NPSAMBIC U
0oOpaTHBIC BOJHBI

Theoretical and experimental studies of the artificial materials (metamaterials or double-negative, or left-handed
materials, LHM, with &(@)<0 and x(@)<0) have been carried out during the last 15 years. Many extraordinary
electromagnetic features have been investigated [1]. This opened the new horizons on science and technology.

In the paper [2] it was searched the bulk electromagnetic waves in the vacuum (or air) gap between two LHM

media. Aim of our work is to show the possibility of existing the eigen electromagnetic waves of surface type in such
structure and to search the dispersive properties of these waves. The surface waves play crucial role in the interactions
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of electromagnetic fields with different materials (including biological) at the short distances from its boundary. The
knowledge of these waves properties will give rise the new possibilities for both a diagnostics and modification of these
objects.

TASK SETTINGS
Let us consider the surface electromagnetic waves that propagate along the planar waveguide structure that
contains two identical isotropic left-handed material with the vacuum (or air) gap of a thickness D . The left-handed

material will be characterized by effective permittivity &(w) and permeability (@) that depend on the wave
frequency @ and commonly expressed with the help of experimentally obtained expressions [3]:
2 2
w Fo
E(C())ZI——P;, ,u(a))zl— B PR (1)
1) @

— %%

where @, is effective plasma frequency, @, is the characteristic frequency of LHM, F - constant.

We are interested on the slow surface type electromagnetic waves at the frequency intervals where simultaneously
e(@)<0 and u(w)<0). We will look for solutions for wave fields between two left-handed materials in the form

E,H o [F, exp(kx)+ F, exp(~xx)]expli( 8z - w1)] )
and choose an exponentially decreasing (from both boundaries) solutions for fields in the left-handed materials:

E,H < exp(—hp)expli(fz—wt)], 3)

where F, are the functions of (@,8), K=+ —k> 20; h:\//i’2 —e(@)u(w)k* 20, p is a distance from the

media interfaces; k = w/c, where c is the speed of light in vacuum.
In our case the system of Maxwell equations splits into two sub-systems of equations. One of them describes the
waves of TM-polarization { H E E_ }, and another — waves of TE-polarization { E, H H._ }.

By matching the appropriative tangential components at the media interfaces x=0 and x=D, we obtained the
following appropriative dispersive equation for TM-mode:

Zg(a))Kh+(K252 (a))+h2)tanh(KD) =0 4)
and for TE-modes
2y(a))Kh+(K2y2 (w)+h2)tanh(KD)=O. %)
RESULTS

The results of numerical calculation of dispersion equations for TM- and TE-waves (4,5) for the selected set of
task parameters are shown at Fig. 1.
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Fig. 1. Dispersive curves for slow surface electromagnetic waves.
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In our study it was considered the LHM with @, /27 =10 GHz and @, /27 =4 GHz, F =0.56 [2] and the
thickness of the vacuum gap D =0.717 cm. As a result the conditions g(a))<0 and ,u(a)) <0 fulfilled in the
frequency intervals in which 1< @/ @, <1.5.

The inclined straight line (L) corresponds to “light” line @ =cf and the lower dashed curve corresponds to the
condition A(f,®) =0 . These lines separate region, where the slow surface electromagnetic wave can exist.

There are three surface modes which can propagated in such gap structure in the frequency range under
consideration. Two surface modes have the TE-polarization and are backward. One of these waves is more high
frequency mode with antisymmetric field distribution. Another TE-mode has symmetric field distribution. The TM-
mode can be either backward or forward in dependence on value of wave vector.

As we can see it is possible to excite one or more modes by the appropriative choice of working frequency. There
is a frequency interval in which the simultaneous existence of both forward and backward waves is possible.

The spatial distribution of the amplitude of the transverse magnetic field of TM-mode is as follows:

exp(hx); x<0
H,(x,z,t)=expli(fz—wt)]| Ce** +Ce™"; 0<x<D|, 6)
Rexp(—h(x—D));x>D
where
C = (1/2)[1+ h/(xe(0))]5 C, = (1/2)[1 - h/ (ke (@))] 5 R = (1/2) {[1+ h/ (k& ()] exp(x D) +[1 - h/ (e (w)]exp(—x D)}

and is presented in the inserts at Fig.2 for corresponding places on the dispersion curve. On all inserts, the interval of
variation of coordinate is the same —4,5 < x@, / ¢ < +4,5. The electric fields of this surface mode are as follows :

Ex(x,z,t):(ﬁiw)J% : E_,(x,z,t):(kgzw)ja;; . ™)

The TM-polarization mode possesses the most interesting dispersion features (Fig.2). It is worth noting the
presence of a pair (a) B ) for which Vgr = dw/d =0. The TM mode group velocity has an almost unchanged value

0.65 c for short wavelengths if the frequency varies from 1.3 @, to 1.5 @, at the selected parameter set of our task.
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Fig. 2. Evolution of transverse magnetic field distribution along dispersive curve for TM mode

At the inserts of Fig. 3,4 we presented the spatial distribution of the amplitude of the transverse electric field of
TE-modes for corresponding places on the dispersion curves:

exp(hx); x<0
Ey(x,z,t)zexp[i(ﬁz—a)t)] Be*"+Bye™*"; 0<x<D|, ®)
Texp(—h(x—D));x>D
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where
B, =(1/2)[1+ ) (xu(@))];

B, = (2)[1- b (e (@))];
T =(1/2){[1+h/(su(w)lexp(x D) +[1- h/(kp:( @)1 exp(-x D)} .
The magnetic fields of these surface TE-modes may be calculate in this way:
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Fig. 4. Evolution of transverse electric field distribution along
dispersive curve for antisymmetric TE-mode

Fig. 3. Evolution of transverse electric field distribution along
dispersive curve for symmetric TE mode.

Both TE- modes are backward, i.e. their group velocities are directed to the opposite (in relation to the phase
velocities) direction (Fig.3,4). At the decreasing of wave frequency the fields are more localized near the surfaces. The
antisymmetric mode has the point where transverse electric field is zero. When a point on the dispersion curve
approaches the light dispersion line L, the TM-mode and the symmetric TE-mode become in fact the bulk waves but not

the surface ones.
CONCLUSIONS
We have demonstrated the possibility of propagation of slow surface electromagnetic waves in a gap between two
left-handed metamaterials. These waves have reach variety of properties. They may be both forward and backward

waves and even with zero group velocity.
The obtained results can be useful for the diverse practical applications of metamaterials in science and
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