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The paper presents the results of the study of properties of fast surface electromagnetic waves that propagate along the flat interface
between the active metamaterial and air (or vacuum). The case of homogeneous and isotropic metamaterial is considered. The
dispersion properties, the wave spatial attenuation, the phase and group velocities, as well as the spatial distribution of the
electromagnetic field of the eigen TE and TM modes of such a waveguide structure are studied in the frequency range where the
metamaterial has a simultaneously negative permittivity and permeability. It is shown that fast surface electromagnetic waves can
exist in this waveguide structure and their properties are studied. It is shown that the phase speed of TM mode is several times
higher than the speed of light in vacuum, while the phase speed of TE mode is slightly higher than the speed of light in vacuum.
The TM mode is a direct wave in which the phase and group velocities have the same direction. It is obtained that the group velocity
of the TM mode varies from zero to the about half of speed of light in vacuum, and reaches a minimum at a certain value of wave
frequency, which depends on the characteristics of the metamaterial. It is shown that the penetration depth of the TM mode into the
metamaterial is much smaller than into the vacuum. The TE mode is a backward wave with opposite directed phase and group
velocities. The absolute value of the group velocity of the TE mode is about six times less than the speed of light in vacuum. In
contrast to the TM mode the penetration depth of the TE mode into the metamaterial is much greater than in vacuum. The obtained
properties of the fast surface electromagnetic waves can be used for modeling and design of modern generation and amplification
devices containing metamaterials.
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The metamaterials are referred to the materials consisting of a small-size cells that play the role of atoms for
electromagnetic waves. It's possible for such artificial materials to get various combinations of electromagnetic
characteristics including simultaneously negative value of permittivity and permeability, so-called left-handed materials [1].

The generating and amplifying devices use the backward electromagnetic waves (phase and group velocities are
opposite) and the fast electromagnetic waves (phase velocity exceeds the speed of light in a vacuum) [2-4].

In our previous papers [5,6] we has been studied the properties of slow surface electromagnetic waves on the left-
handed materials. In the presented work we will study the fast surface electromagnetic waves on the left-handed materials.
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Figure 1. The geometry of problem

TASK SETTINGS
Let us investigate the electromagnetic waves of a surface type that propagate along a plane waveguide structure in
the Z - axis direction (Fig. 1). The semi-infinite air (or vacuum) region with permittivity ¢ =1 and permeability u =1
takes place at x <0. The semi-infinite region x >0 is filled by double negative metamaterial (DNM) that characterized
by the commonly used the effective permittivity &(@) and permeability u(w) [5]:
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where @ - is angular wave frequency, v, y. - are effective electric and magnetic gain, respectively.
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The modeling was carried out for the metamaterial with @, /27 =10 GHz, @,/27 =4 GHz, and F =0.56 [7].

Under these conditions it is possible to obtain &(@)<0 and (@)<0 simultaneously in the frequency range
1<Q=0/o,<1.5.
Let us consider the fast electromagnetic waves that propagate along interface between the metamaterial and air (or

vacuum) and possess the exponentially decreasing field far away from the interface. The spatial-temporal dependence of
the wave components has such a form:

E,H < E(x),H(x)expli(k,z— wt)], 3)

where the amplitudes of the wave fields decrease exponentially from the boundary and £, is complex wavenumber. Real
part of &, characterizes the wavelength and imagine part — the decrement in the propagation direction.

Under the considered assumptions the set of Maxwell equations split into two independent sub-systems. One of
them describes the TE-waves that contain (H, £, H_) -components and another — TM-waves that contain (£,,H ,E.)

-components.
The boundary conditions (the continuity of the tangential wave field components at metameterial-vacuum interface
x =0) gives the dispersion equation as for the TM-mode:

Kvg(a)) + gva = 0 > (4)
as for the TE-mode:

Kvﬂ(a))_{—#v’(m = 0’ (5)

where, x, =\k; -k’ , K, = \/ ki —&(w)u(w)k® - are the transverse wave vectors in vacuum and metamaterial regions,

respectively, k =w/c¢ and c is the light speed in vacuum.
The TM-wave possesses the components that have the following form in air (or vacuum) region x <0:

H, (x) = e**H, (0)

B e’““xk3Hy 0)
E, (x) 0 (6)
E,(x)= —iex\vxK;{Hy(O) .

In the metamaterial region x >0 the components of TM-wave has such form:

H,(x)=¢""H (0),
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The TE-wave components of the following form in vacuum region x <0:

E, (x) =¢**E, (0),
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and in the metamaterial region x >0:
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MAIN RESULTS
To analyze obtained equations let’s introduce such dimensionless variables: the frequency Q=w/a@,, the

wavenumber f = Re(k,)c/w,, the normalized decrement « =Im(k;)c/®,, the normalized electric v =v, /@, and

magnetic y =y, / @, gains, and distance { =x @, /c.

At first, two obtained dispersion equations for TM- and TE-modes (4,5) were solved numerically for metamaterial
with v=0, =0 (Fig. 2).
i The wave marked with number 1 corresponds to the
Q FiS wave of TM-polarizations, and by the number 2 — TE-
wave. The dashed lines correspond to the conditions
x, =0 and x, = 0. These lines separate the regions where
waves are fast or slow and bulk or surface.

It was previously shown [8] that the slow surface
electromagnetic waves can exist in the right and upper
region with respect to x, =0 (line marked /, in Fig. 2) and

x, =0 (line marked /, in Fig.2) lines. This region is

marked by the letter S (see Fig. 2). The results obtained are
in a good accordance with previously obtained results [8].
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B The fast electromagnetic waves can exist in the left region
y T ' ' T o with respect to line /; that is marked by the letter F' (Fig. 2).
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To study the properties of such fast waves it is necessary to

Figure 2. Normalized frequency as a function of the take into account the non-zero values of v and y

normalized wavenumber .for ™ ?.Ild TE modes when v =0, parameters in metamaterial permittivity &(w) and
y =0 in equations (4,5). . . .

permeability u(w) expressions (1, 2), because in the case

of “ideal” metamaterial one obtain non-physical solutions of the dispersion equation. The results of the numerical solution

of dispersion equations (4, 5) for this case for fast waves are presented in Figs. 3-6.
The numerical solutions of the dispersion equation (4) for fast TM-waves for the case when v,y # 0 are presented

in the Figs 3,4. These results have shown that the increase of the gain v and y leads to the strong decrease of wavelength

under the fixed wave frequency value in the region of the rather low wave frequencies Q <1.15 (see, Fig. 3). In the
region when 1.15 < Q <1.3 the influence of v and y parameters variation is much smaller (see, Fig. 3). The dependence

of the normalized decrement & versus v and y values are presented in the Fig. 4. This decrement has negative sign and

the increase of gain v and y values leads to the & absolute value increase (see, Fig. 4).
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Figure 4. The normalized decrement ¢ versus wave frequency
Q for the fast TM-waves. The parameters and curve
numbering are the same as for the Fig. 3

Figure. 3. The normalized wavenumber [ versus wave

frequency Q for the fast TM- wave. The line 1 corresponds to
v=0.01, » =0.01 and the line 2 corresponds to v =10.05,

7 =0.05

The results of the numerical analysis of the dispersion equation (5) for fast TE-waves for the case v,y # 0 are
presented in the Figs 5,6. It is necessary to mention that simultaneously variation of v,y parameters make an extremely
small influence on the TE-wave dispersion (see Fig. 5). But the influence of mentioned parameters of the TE-wave
normalized decrement is much larger.
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The increase of the parameters v and y values twice from 0.005 up to 0.01 leads to the increase on the normalized

decrement « almost twice in the whole frequency range (see Fig. 6). It is also necessary to mention that for the fast TE-
waves the normalized decrement « >0 and is much smaller by absolute value than « for the TM-wave.
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Figure 5. The normalized wavenumber S versus wave frequency ~ Figure 6. The normalized decrement & versus wave frequency

Q) for the fast TE- wave. The coincident lines 1,2 corresponds to Q for the fast TE-modes. The parameters and curve numbering
v=0.005, y =0.005 and v=0.01, y =0.01 are the same as for the Fig. 5.

It was also studied the normalized phase (V,, =€/ f) and group (V,, =d Q/dp) velocities of the fast waves
considered. The dependence of the V,, for the fast TM-wave versus normalized frequency € for the same parameters
as for the Fig. 3 are presented in the Fig. 7. It is shown that the wave is really fast wave (¥, > 1) in appropriate frequency

range. The simultaneously increase of the parameters v and y leads to the essentially TM-wave slowing in the region of

rather low wave frequencies Q (Q <1.1 in Fig. 7).
The dependence of the V,, for the fast TM-wave versus normalized frequency € for the same parameters as for

the Fig. 3 are presented for the Fig. 8.
While the phase velocity is essenctially greater than the speed of ligth (Fig. 7) the group velocity is much smaller
than ¢ (Fig. 8). TM-mode is forward, as can be seen from the figure above, i.e. the velocities V,, and V. have the same

sign. The normalized group velocity increases with the simultaneously increasing of the parameters v and y. It is
necessary to mention that ¥, possesses the some minimum value in the region on rather small € values (see lines 1,2

in the Fig. 8 in the region 1.05 < Q <1.1). This minimum values shifts to the upper Q values with the increase of the v
and 7.
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Figure 7. The normalized phase velocity of the fast TM- wave  Figure 8. The normalized group velocity of the fast TM-wave
versus normalized frequency ). The parameters and curve versus normalized frequency € . The parameters and curve
numbering are the same as for the Fig. 3 numbering are the same as for the Fig. 3

The dependence of the ¥, for the fast TE-wave versus normalized frequency Q for the same parameters as for the

Fig.5 are presented for the Fig. 9. It is shown that the wave is fast wave but more slowly than TM-wave. The characteristic
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feature of the TE-wave is almost linearly dependence of the V,, versus Q (see Fig. 9) in the whole frequency range of
fast wave existence. The phase velocity of the TE-wave is practically independent upon changing v and y .

The dependence of the V,, for the fast TE-wave versus normalized frequency Q for the same parameters as for the
Fig. 5 are presented for the Fig. 10. The group velocity is negative, so the fast TE-wave is backward (V,,
the different signs). The absolute value of V. of TE-wave is much smaller than V,, of TM-wave. This group velocity

and V,, have

has weak dependence upon changing v and y and has almost linearly dependence versus Q .
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Figure 9. The normalized phase velocity of the fast TE-wave  Figure 10. The normalized group velocity of the fast TE-wave
versus normalized frequency (2. The parameters and curve versus normalized frequency Q) . The parameters and curve
numbering are the same as for the Fig. 5 numbering are the same as for the Fig. 5

The absolute values of the normalized wave field components (upon the H, (0)) for fast TM-wave for §=0.21
(where wave phase velocity is much greater than ¢ ) are presented in the Fig. 11.
The absolute values of the normalized wave field components (upon the £, (0) ) for fast TE-wave for f =1.1 (where

wave phase velocity is much greater than ¢ ) are presented in the Fig. 12. It is necessary to mention that the normalized
skin depth of the fast TM-wave in metamaterial region is much smaller that skin depth of the fast TE-wave.The obtained
results can be important for modeling and designing of modern devices based on metamaterials.
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Figure 11. The absolute values of the normalized wave field Figure 12. The absolute values of the normalized wave field

components (upon the H, (0)) for fast TM-wave for f = 0.21 components (upon the £ (0) ) for fast TE-wave for f=1.1

CONCLUSIONS
It was shown that fast eigen TE- and TM-waves can exist in the considered waveguide structure. It was studied the
dependence of the dispersion properties, wave attenuation, phase and group velocities, and spatial wave field structure of
waves considered upon the metamaterial parameters. It is demonstrated that the eigen fast TM-wave is the direct wave
and fast eigen TE-wave is backward wave.
The obtained results can be important for modeling and designing of modern generating and amplifying devices
based on metamaterials.
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MBUAKI EJJEKTPOMAT HITHI XBUJIN HA MEKI METAMATEPIAJTY: MOJAEJIOBAHHS INIJICUJIEHHSA
B.K. l'anaiigny, O.€. Cnopos, B.I1. Ouedip, M.O. AzapenkoB
Xapxiscokuti Hayionanvnuii ynieepcumem im. B.H. Kapas3zina
61022, Yxpaina, m. Xapxis, ni. Ceob6oou, 4

B crarTti npeacTaBieHO pe3yNbTAaTH JAOCHIUKCHHS BIACTHBOCTEH IIBHUIKHX IIOBEPXHEBHX €JIEKTPOMArHITHHUX XBHJb, IO
MOIIUPIOIOTHCS Y3/I0BXK IUIACKOI MOBEPXHI PO3ALTYy MiX aKTHBHHM MeTaMaTepialoM Ta HoBiTpsM (abo Bakyymowm). PosrisHyTo
BHIAIOK OJHOPITHOTO Ta 130TPOMHOT0 MeTaMaTepiany. JlocmipkeHo Tuctepeiiiii BIaCTHBOCTI, IPOCTOPOBE 3aracaHHs XBUI, (pa3oBy
Ta TPYNOBY IIBHIKOCTI, a TAKOXK MMPOCTOPOBHI PO3IMOILIT eneKTpoMarHiTHOro nomns Biacaux TE ta TM Mon Takoi XBHIIEBOTHOI
cTpyktypu. [loka3aHo, o B il XBUICBOAHIN CTPYKTYpi MOXKYTh iCHYBaTH IIBU/IKI TOBEPXHEB1 €JICKTPOMATHITHI XBHJI1 Ta JJOCITiIXKEHO
ix BractuBocTi. [Iokazano, mo ¢a3zosa mBHAKiCTE TM-MOIH Y KiJIbKa pa3iB MEpEeBHIIy€ MBHUIKICTH CBITIA Y BaKyyMi, TOJI sIK (azoBa
mBuakicte TE-MOAM HE3HAYHO MEPEBHIIYE MIBHIKICTH CBiTIA y Bakyymi. TM-Moza € npsMOI0 XBHIICHO, B sIKiil (ha3oBa Ta rpynosa
LIBHAKOCTI OJHAKOBO crpsiMoBaHi. OTpUMaHoO, 110 IpynoBa MBHAKICTs TM-MOIM 3MIHIOETHCS BiJl HyJISl IO HMOJOBHHH IIBUIKOCTI
CBITJIa y BaKyyMi, Ta JOCSrac MiHIMyMYy 3a JESKOrO 3HA4YeHHs YacTOTH XBWII, IO 3aJEXKUTh BiJ] XapaKTEPUCTHK MeTaMarepiaiy.
IMoka3zano, mo raubuHa npoHrkHeHHss TM-Moan B MeTamarepiai 3Ha4HO MEHIIA HiX y BakyyM. TE-Moza € 3BOPOTHOIO XBUIICIO, B
sKilt a3oBa Ta rpynoBa MIBUAKOCTI MPOTHJICKHO HampasiieHi. AOCONIOTHE 3Ha4YeHHs rpynoBoi mBHakocTi TE-Moan npubin3Ho B
LIiCTH pa3iB MEHIIE 3a MBHUIKICTH CBiTJIA y BakyyMi. Ha Biaminy Bix TM-moau, rimbuna nponukHeHHs TE-Moau B MeTamatepiain
3HAYHO O1JIbINA, HIXK Y BaKyyM. Br3HaueH1 BIaCTUBOCTI MIBUKUX MOBEPXHEBHUX €JICKTPOMATHITHUX XBHIIb MOXKYTb OyTH BUKOPUCTaH1
JUIsL MOJICITIOBAHHS Ta IPOCKTYBAHHS Cy4acHHX IPUIIAiB r'eHepalil Ta MiJCHICHHS, 10 MICTITh MeTaMaTepialH.

KutouoBi ciioBa: Metamarepiai, [IBH/IKa IOBEPXHEBA CJICKTPOMArHiTHA XBUIIS, IUCIICPCisl, 3aracaHHs, IPOCTOPOBA CTPYKTYpa XBUIIL





