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Scattering properties of a cylinder fabricated from a left-handed material
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We study the scattering of an electromagnetic wave from a cylinder of infinite length fabricated from a
combined split-ring resonatofSRR and thin metal wire medium that is characterized by an effective
frequency-dependent permittivity.«(w) and permeabilityu.s(w) that can both be negative in a certain
frequency region, and thus constitutes a left-haritiét) metamaterial. We evaluate the scattering width of the
cylinder in terms of the most general form of the Mie coefficiemish,, that takes into account the magnetic
effects through the effective refractive index(w) = Ve ) Vures( @) . Incident waves of botk polarization
(where the electric field is parallel to the axis of the cylindamdH polarization(where the magnetic field is
parallel to the axis of the cylinderare considered. We find that in the case when the magnetic field is
perpendicular to the plane of the SRR, the scattering width as a function of the frequency of the incident wave
reveals the resonances of the Mie coefficiemisandb,,, for both E- and H-polarized incident waves. These
peaks occur in the frequency range where the effective refractive index is negative, and they arise from modes
that propagate with a negative group velocity. This behavior is consistent with the results of transfer-matrix
calculations and transmission experiments on two-dimensional LH metamaterials, which show that the medium
becomes transparent to the electromagnetic radiation in this frequency region.
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I. INTRODUCTION As in the case of any new class of materials, especially one
with the possibility of technological applications, it is desir-

It has been demonstrated recently, that a substance studiablle to study as many properties of LH materials as possible.
theoretically by Veselagdn which the dielectric constart ~ Recently, the scattering of electromagnetic waves from a
and the magnetic permeabilify are both negative, can be sphere fabricated from an LH medium was studied in terms
attained artificially in a metamaterial represented by a periof the Mie coefficients that include magnetic effetemd by
odic medium of split-ring resonatofSRR’9 and metallic  evaluating the extinction scattering cross section it was
wires™3 that is characterized by an effective permittivity ~ shown how the extinction spectra are affected by the exis-
and permeability. 4 that can both have negative values in atence of magnetic and plasmon polaritons. Recent experi-
certain frequency range in which the real part of the effectivenental achievements in the design of metamaterials that ex-
refractive index is negative. By inspecting the Maxwell hibit some of the phenomena predicted in LH media suggest
equations it was showrihat if bothe<0 andw <0, thenE, that it is worth exploring the properties of these materials
H, andk form a left-handed set and, thus, the directiorkof that may lead to interesting and useful applications.
is opposite to the direction of the Poynting vector. Conse- In this paper we investigate the scattering of electromag-
quently, this property gives rise to unusual effects including ahetic waves from an infinitely long cylinder fabricated from
reversed Doppler shift, reversed Cerenkov radiation, and adn LH material. We study separately the effects of the spe-
inverse Snell's law. Such materials have been termed leficific forms of the effective permittivity and permeability on
handed(LH) media. the existence of both bulk and surface polaritons, and com-

Up to now both theoretical and experimental efféifs pare the results to those obtained for a cylinder fabricated
have focused on the study of the dispersion relations of thom an LH substance. We investigate the scattering proper-

thin wire medium that is described by the frequency-ties of such a cylinder by evaluating the total scattering
dependent dielectric functién width which, for an infinitely long cylinder, is defined as the

scattering cross section per unit length. We distinguish two
w2 polarizations of the incident beam. When the electric field is
€eif(w)=1— —2 (1.1 parallel to the axis of the cylinddE polarization the scat-
w tering width is given by

Herew, is the plasma frequency, which depends on the geo-

metrical parameters of the wires in a manner that allows 4 =

scaling downw, to microwave frequencies. On the other Cs:k_o _E b2, (1.3
hand, an array of split ring resonators exhibits behavior that

can be described by an effective frequency-dependent per-
meability in the forni where

Fo? Veudn(kiR)Jn(koR) — J5(kiR) J5(koR)
_ 1.2 b,= ,
w?— wi+iol Jn(KRH/ (koR) — Veud! (kiR)H(KoR)

Mer(@)=1— 1.4
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Hn(kOR)EHE})(kOR):Jn(kOR)+iyn(k0R) are Hankel Ieads_in the frequenpy range,<w<w, to a band with
functions of the first kind,J,(koR) andY,(k,R) are Bessel ~negative group velocity, and thus the wave propagates in the
functions of the first and second kinds, respectively, and théirection opposite to the energy flux.

primes denote differentiation with respect to argument. Here In the case that the magnetic fieldl is parallel to the

the wave numbek,=w/c represents the propagation con- plane of the SRRH, polarization, the effective refractive
stant in vacuum, and the wave number= Jepw/c ac-  index shown in Fig. ) is given by

counts for both electric and magnetic effects in the cylinder.

When the magnetic field is parallel to the axis of the cyl- L 1 (02— ) (0~ wf) (1113
inder (H polarization, the scattering width is given By et o (02— w?) ’ '
4 i where
Ci=— a,|?, (1.5
g 2 [l = R0 (Rt o). (1118
where According to the dispersion relatidmf the combined me-
dium in the case oH, polarization
Veudn(kiR)JI5(KoR) — 35 (KiR) In(koR) N
an=-1, - . (1.6 , (0= wp) (0~ wf)
I (KR H (KoR) — Vemdn(kiR)H/ (KoR) ko= ) (1.119
—Wo

The coefficientsb,, and a,, attain maximum values at fre-

quencies that satisfy the equations the group velocity of the band in the frequency range

<w<wy is positive. Therefore, in contrast to the caseHgf
polarization, the direction of the wave propagation is not
reversed. This effect can be explained in terms of the strong
, , dispersion in this frequency range, which gives rise to a large
In(KiR)H(koR) — Veudn(kiRHA(R) =0, (1.8 yaiye ofdn(w)/dw, and as a result the sign of the group

respectively, which are equivalent to the equations for mate\églsoigig given by vg=c/[n(w)+wdn(w)/de] becomes

rial E andH polaritons® To investigate the scattering width
of cylinders fabricated from LH materials we employ the
effective dielectric function for a thin wire mesh given by Il. RESULTS
Eqg. (1.1) and the frequency-dependent permeability that de-
scribes a SRR medium given by

In(kiRH(koR) = Veud (kiR H(KoR) =0,  (1.7)

In order to evaluate the effect of the effective refractive
index on the scattering width we consider according to Ref. 5
) the following configurations of the electromagnetic wave in-
Fwg cident on the combined SRR/metal wire medium:

Pt @) =1= 02— wl+iol’ (1.9 E-polarized wave in the case bffj with electric field parallel
0 to the axis of the cylinder and with the magnetic field per-
which is the effective permeability given by E@.2) modi-  pendicular to the plane of the SRB;polarized wave in the
fied in order to insure thgi(w)—1 asw—. case ofH | (with the electric field parallel to the axis of the

It was shown that by combining the frequency-dependentcylinder and with the magnetic field parallel to the plane of
permittivity of the fine wire mesh and the effective the SRR, H-polarized wave in the case bfj (with the mag-
frequency-dependent permeability for the SRR medium imetic field which is parallel to the axis of the cylinder and
the absence of dissipation, one obtains in the case that theerpendicular to the plane of the SRRand H-polarized
magnetic fieldH is perpendicular to the plane of the SRR wave in the case oH, (with the magnetic field which is
(H) polarization the effective refractive index in the form— parallel both to the axis of the cylinder and to the plane of
see Fig. 1a) the SRR.

It has been establishethat the behavior of the split ring
1 J(w? 2)(wz_w§ medium in the case of the parallel and perpendicular polar-
5 (1.103  izationsH|,H, is dominated by magnetic and dielectric re-
(0= wp) sponse, respectively. Namely, a band gap revealed by disper-
sion relation was found in either case, although in the case of
the parallel polarization the gap is interpreted as being due to
negativeu.#(w), while theH , gap originates from negative
wp=wo/N(1=F). (1.108 ee(w). Taking into account the interpretation of thig and

Then the dispersion relation of the combined medium in thd™. 9aps for a split ring medium and the effective refractive

where

form®? indices for both polarizations given by Eg&l.10a and
(1.113 we evaluate the scattering width in terms of the co-
(02— w?) (wz_wg) efficientsa, and b, for the following configurations: split
k?= 5 P C) (1.109 ring medium for the parallel and perpendicular polarization
c (0= wp) characterized by
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2_ 2

pl0)= @)= 22 fw)=1 (@21
w _(,()0
and
2_ 2
w0 =1, dw)=e0)= 3. (22

W — wWq

Then we perform the same calculations for a combined SRR, & 00
metal wire medium characterized by effective refractive in- F-os ¢ .

dicesngcf and nlﬁ given by Eqs(1.103 and(1.113, respec-
tively, for both E and H polarization of the incident wave.
Here we scalewg,wp,ws with respect to the plasma fre-
quencywy, .

We first study the behavior dff modes for theH; polar-
ization by evaluating the coefficiengs, and theC{ compo-
nents of the scattering widt given by Eq.(1.5 for a

single cylinder fabricated from a metal characterized by the

Drude free-electron model form of the dielectric function
given by Eq.(1.1). For the radiufR=0.554%/w, which for
wp,=12 GHz yields the valu&k=1.38 cm, we found the
H3I, and H3; resonances awj,/w,=0.674 and w3/w,

=0.697, respectively. These resonances correspond to su

face modes converging ®, from below, where the surface
plasmon frequencyws= wp/\/f is obtained frome(ws)

= —1. Here we label the modes in the fofﬁip, wheren is
the order of the Bessel function in E(L.3), p labels the
solutions for givenn in the order of increasing magnitude,
and the superscript indicates a surface mode, while bulk

modes are not explicitly indicated by a superscript. An analo-

gous notation is used fdE modes.
The spectrum of thed modes for a cylinder fabricated

from a split ring medium that is characterized by an effective

frequency-dependent permeabiliwlﬁ(w), while eg( )
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(b)

=1 consists of two types of modes resulting from the reso-

nances of the Mie coefficients, into which we substitute
the permeability given by Eq2.1), wherewy=0.5 andwy,
=0.707. Namely, for the cyllnder radil®=0.554%/ v, we
found theH; resonance a&)m/wp 0.496 due to the mag-
netic bulk polariton, and théd,; and H,; resonances at
w11/ w,=0.604 andw,,/w,=0.610 in the frequency range
where,uﬂ}ff is negative. TheH,; andH,; resonances due to
the surface magnetic polaritons convergeu@ from below,
where ! —(w0+ w2)¥? 2 is the root of the equation ob-
tained from,u #(w)=—1. By using the values,=0.5 and
=0.707 one obtaine"=0.612. In Fig. 2a) we present in
addition to theCg components of the total scattering width

FIG. 1. (a) Effective refractive index! si(w) for an LH medium
that corresponds to an-polarized incident wave. Solid and dotted
curves indicate the real and imaginary brancheﬂlq(w) versus
the dimensionless frequenay/ w, (lower x axis) and the experi-
mentally compatible values,=6 GHzw,=8.5 GHz, andw,
=12 GHz(upperx axis). (b) Effective refractive indexi.q(w) for
an LH medium that corresponds to &dpolarized incident wave.
Solid and dotted curves indicate the real and imaginary branches of

nsq( ) versus the dimensionless frequenaiw, (lower x axis) and
the experimentally compatible values=5.4 GHzw,=6 GHz,
andw,=12 GHz(upperx axis), whenF =0.1.

for H-polarized waves also those found for the cylinder fab-quencyw,,, while the uppex axis corresponds to the experi-

ricated from a metallic material having.s=1.

To evaluate the coefficients, for a single cylinder fabri-
cated from an LH material in the case}df polarization we
employ the effective refractive index o given by Eq.
(1.108, wherewy=0.5 andw,=w, /2, which was evalu-
ated by using Eq(1.10h with F=0.5. By using these pa-
rameters we plot the effective refractive inddg, shown in

mentally compatible valuesy=6 GHzw,=8.5 GHz, and
w,=12 GHz. The solid curve indicates the real part of the
refractive index, which is negative when both the permittiv-
ity and permeability are negative, while the dotted curve cor-
responds to the imaginary part of the refractive index.

No resonances were found for frequencies belgywand
in the rangew < w<wy, in which dispersion is characterized

Fig. 1(a), where the lowex axis corresponds to the dimen- by a positive, pure imaginary, effective refractive index,
sionless frequency normalized with respect to the plasma frewhile we foundHg;,H;;, and H,; resonances due to the
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COMPONENTS OF THE TOTAL SCATTERING WIDTH
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COMPONENTS OF THE TOTAL SCATTERING WIDTH
R = 0.5545c/wp wo = 0.5 wp = 0.707 wp, = 1. F = 0.5
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FIG. 2. (8 The Cg components of the total scattering width tdipolarization that correspond to th#); andH 4, resonances associated
with a cylinder fabricated from a medium characterized by the frequency-dependent permeﬂemltw given by Eq.(2.1), wherew,
=0.5 andw,=0.707 compared to thel}; and H3, surface modes associated with a metallic cylinder characterized by a free-electron
effective refractive index(b) The Cg components of the total scattering width fdrpolarization that correspond to thy;,Hq;, andH,,
resonances due to the surface and bulk polaritons found in a cylinder fabricated from an LH material characteﬁj@(em) Ishown in Fig.
1(a). (c) The spectrum oH modes forH | that consists of thél,; resonance associated with a cylinder fabricated from a split ring medium
characterized by the frequency-dependent permittigifyw) given by Eq.(2.2), wherew=0.4472 andv,=0.5, whileF =0.5.(d) The C
components of the total scattering width fdrpolarization that correspond to thé;;,H,;,H45,Ho1,H13, @andH,, resonances due to the
surface and bulk polaritons found in a cylinder fabricated from an LH material characterizrlﬂ;‘g(b» shown in Fig. 1b).

bulk polaritons shown in Fig. (®) at w01/wp w¢=0.447 andwb—w /2. We depict the effective refrac-
=0. 509@)11/@p 0.629, and(u21/wp 0.631, respectively. tive indexng; with these parameters in Fig(k), where the
Now we consider behavior of a split ring and a combinedlower x axis corresponds to the dimensionless frequency
SRR/metal wire medium in the caseldf polarization. The w/w,, while the uppex axis corresponds to the experimen-
spectrum of the H-modes for a cylinder fabricated from atally compatible valuego;=5.4 GHzw,=6 GHz, andw,
medium that is characterized by a an effective frequency=12 GHz. The solid and dotted curves indicate the real and
dependent permittivitg4( @) given by Eq.(2.2) reveals for  imaginary parts of the refractive index, respectively. For a
the cylinder radiusR=0.554%/w, an Hy, resonance at cylinder fabricated from an LH material in the casetbf
w@y w,=0.503 due to a surface plasmon polariton—see Figpolarization we found two types of peaks, naméy; ,Ho,
2(c). resonances a&;n/wp 0.428, andwﬂ/wp 0.430, respec-
To study the behavior of an LH cylinder in the casdf  tively, an Hy, resonance atw 2/wp 0.459, andHq3,H»,
polarization we employed the effective refractive index  resonances atulalwp 0.705w5/ wp=0.726, respectively,
given by Eqg.(1.113 in evaluating the coefficienta,, for  which are due to surface polaritons—see Fi@l)2In addi-
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FIG. 3. (@ The Cg components of the total scattering width #ipolarization that correspond to the magnetic bulk polariegsE,
andE, associated with a cylinder fabricated from a split ring medium characterized by the frequency-dependent permbabjytglven
by Eq. (2.1). (b) The C? components of the total scattering width f&r polarization associated with th€y;,Eqy,Eqs,E11, and E,;
resonancesgfound in a cyllnder fabricated from an LH material characterlzednbg(w) shown in Fig. 1b)] that correspond to bulk
polaritons.(c) The spectrum oE modes forH that consists of th&,, resonance associated with a cylinder fabricated from a split ring
medium characterized by the frequency-dependent permittégjifew) given by Eq.(2.2). (d) The CI components of the total scattering
width for E polarization associated with th&,,,E,,, andEy, resonances found in a cylinder fabricated from an LH material characterized
by thensq(w) shown in Fig. 1b) that correspond to bulk polaritons.

tion we found a peakH,; due to a bulk polariton at For a cylinder fabricated from an LH medium that is char-
wg'll 0,=0.498. acterized by an effective refractive indexq(w) given by
Next we proceed to the case Bfpolarized electromag- Eg. (1.113 we found for E-polarized modes th&,; reso-
netic waves incident on both an SRR and an LH medium foinance atwlllcup 0.4496 and theEoz,Eog,Ell, and E,,;
both parallel and perpendicular polarization of the magneticesonances at wozlwp 0. 502w03lwp 0. 505w11/wp
field H to the plane of the SSR, by evaluating the coefficients=0.510, andw21/wp 0.586, respectively, all of which are
b, and theC components of the scattering wid@y given  due to bulk polaritons—see Fig(18.
by Eq.(1.3. It has already been establish&that there are To exploreE modes supported by a cylinder fabricated
no E modes in the frequency range belawy in the case of from a split ring medium with an effective frequency-
the metallic cylinder. Figure(8) shows that the spectrum of dependent permittivityeg(w) given by Eq. (2.2, where
E modes for a cylinder fabricated from a split ring medium ;=0.4472 andw,=0.5, we evaluate the coefficients,
that is characterized by frequency-dependent permeabilitgiven by Eq.(1.4). For the Cyllnder radiuR=0.554%/w,
ply(w) reveals only peaks below, namely, theEo1,E11,  we found theE,; resonance abgy/ w,=0.503 due to a bulk
and Eq, resonances aig,/w,=0.485w7,/w,=0.485, and  plasmon polariton, while n& modes beloww; and within
wozlwp 0.499 due to magnetic bulk polaritons. the frequency range:<w<wy were found. The existence

045116-5



VLADIMIR KUZMIAK AND ALEXEI A. MARADUDIN PHYSICAL REVIEW B 66, 045116 (2002

of this resonance is demonstrated in Figc)3n terms of the COMPONENTS OF THE TOTAL SCATTERING WIDTH
C? components of the total scattering width for an  g.0 [ = 0S%a0c/ap o m 09 v m 09 ey = L F 2 01
E-polarized wave when the magnetic fi¢ddis perpendicular H-modes in LH medium [nlen(w)]

to the plane of the SRR. o T |

For a cylinder fabricated from an LH medium that is char- 6.0
acterized by a frequency-dependent permeabitify(w)
given by Eqg.(1.113 no resonances were found in the fre-
quency regionsv<w; and wy<w<w, where the effective < 4.0
refractive index attains positive imaginary values, while we 4
found theE,; resonance ab,,/w,=0.473 due to the surface
polariton which converges ta: from below, wherewt 2.0
= (w3+ w?)¥% |2 is the root of the equation obtained from .o
wir(wS)=—1. By using the valuesw,=0.447 and w,
=0.5 one obtains5=0.474. In addition, we have found in
the frequency range;<w<w, the E;; andE; resonances
at wyy/ w,=0.498, andwg/w,=0.499, respectively, which
correspond to bulk modes. The existence of these modes is FIG. 4. TheC] components of the total scattering width fdr
documented in Fig.(®), where we show the componer@$§ polarization that correspond to the bulk polaritdrg,,H,q,Hy,,
of the total scattering width when the magnetic fi¢ldis  andHj,that lie beloww,. TheH,; andH 3 resonances occur in the
perpendicular to the plane of the SRR. frequency rangeav,<w<wy. The cylinder is characterized by a

As we have shown previously, the spectrum of metallicmodified effective refractive inderg(w) with wo/w,=0.9 and
cylinders in the case dfi polarization consists of peaks that @»/@p=0.95, whenF=0.102 andR=0.554%/w, .
are due to surface plasmon polaritons. These peaks result |, H . n
from the resonances of the Mie coefficierts, and they &t ®@or @p=0.9001 andv;y w,=0.908, respectively. Thes
appear in the frequency range where the refractive index icomponents of the total scattering width associated with
imaginary. The frequencies at which the resonances occif€Se resonances are shown in Fig. 4.
depend on the radius of the cylinder. Therefore, the peaks are
expected to appear also in a left-handed medium when the 1. DISCUSSION AND CONCLUSION

positions of the resonances occur in the frequency region 1, symmarize the properties of a cylinder characterized
where the refractive index is imaginary. We inc_ieed observetii,y a frequency-dependent permittivity and a frequency-
theseH modes, namelyH ;3 andHy, shown in Fig. 2d) for  qanendent permeability, in comparison with the case where
the case ofH, polarization in the frequency range,<®  the electric and magnetic contributions are present sepa-
<wp. On the other hand, they have not been found in thgately, we start from the spectrum for a metallic cylinder
case ofH| polarization. The flexibility inherent to metama- cnaracterized by a frequency-dependent dielectric function of
terials gives us the possibility to control the frequency re-pe form(L.1) which consists of peaks due kbtype surface

gions with profoundly different behavior of the refractive plasmon polariton§H$, ,HS,—see Fig. 2a)] which occur in

index, as is demonstrated in Figsalt-1(b). By va_rying the the frequency range below the plasma frequesagy where
geometrical parameters that enter the expressions given We dielectric function is negative. The existence of these

Egs(1.1) and(1.2) it is possible to design the effective re- ,,qeq has been discussed previotSbnd it has been sug-
fractive indices in ways that suppofor restrick the exis-  gogteq that they give rise to nearly dispersionless flat bands
tence of the modes corresponding to the resonances of Hfgqered in the photonic band structure fopolarized elec-

Mie coefficients. Specifically, in the case ef; the general tromagnetic wave propaadating throuah a 2D photonic crvstal
form of the plasma frequency is,= (d?L/4m) Y2 whereL consisgting of metaﬁic Eyﬁ]ndergs. g P y
is the self-inductance per unit length adds a wire radius. The spectrum of cylinders fabricated from a lossless split

For the effective permeability the variation can be achieveding medium characterized by a effective permeability and
by changing the fractional area of the unit cell occupied bypermittivity of the form(2.1) and(2.2) for H; andH , polar-
the interior of the split ring® = 7rr2/a?, wherea is the lattice

X ) : e izations reveals two types of peaks fbir modes, namely,
consta:jnt and is the r;nn_((ajr rad;us of ”I‘f sph; r;]ni:ﬁ . }hose in the frequency ranges,<w<w, [Hq;,H,—see
To demonstrate the idea of controlling of the existence ofig “»()] for H, , andws<w<wo [Hi—see Fig. 2)] for

the modes we mo_dﬁyulﬁ by settingwy/w,=0.9 and using 14 " que to surface magnetic and plasmon polaritons, respec-
Eq. (1.10b to obtainw,/wp=0.95, wherF =0.102. We em-  ively. In addition, we found a peak below, for H

ploy both modified expressions forly in the evaluation of [y ™ see Fig. 2a)] that is due to a bulk magnetic polariton.
the a, coefficients. We found for the cylinder radi® |n the case of aiE-polarized electromagnetic wave the spec-
=0.554%/wj the Hyq,Hpq,Hpp, andH;; resonances which  rym of the cylinder fabricated from SRR medium reveals
are due to surface polaritons a&Tllwpzo.719w5'1/wp peaks only belows, [Eo;,Eo,, andE;—see Fig. 8a)] for
=0.751w) w,=0.881, andwiy w,=0.885, respectively. In  H;, and only aboves, [ Eq—see Fig. &)] for H, , which

the frequency regiony<w<wy, wheren‘,‘aff is negative, we are due to bulk magnetic and plasmon polaritons, respec-
also found theH p; andH ;5 resonances due to bulk polaritons tively.
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0.0

0.50 0.60 0.70 0.80 0.90 1.00
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It interesting to note that peaks found fdrandE modes  ported in this frequency range for &apolarized EM wave.
in a SRR medium for botkl andH polarizations resemble It is worth pointing out that the direction of the propagating
qualitatively the behavior observed in the case of an isolate¢hodes in the frequency range;<w<wg iS not reversed
cylinder fabricated from GaAS, where we found that below with respect to the energy flux, in contrast to g polar-
the transverse optical mode frequenay there exist bottE-  jzation. In addition to modes within the frequency region
and H-bulk modes, while within the polariton gapr<e 4 <w<w,, in H| polarization the radiation can excite sur-
<o, Whereot(w,) is the transverséongitudinajoptical  face H modes below and above this regipH ;,Ho;,Hs,
mode frequency, only surfadé modes are supported. andH,,—see Fig. 2d)] and bulkE modes beloww; .

The scattering properties of a cylinder having both a dis-  Finally, we have demonstrated that by choosing suitable
persive permittivity and a dispersive permeability are of centompinations of the geometrical parameters characterizing a
tral interest, in particular in the frequency range where bothcompined SRR/metal wire medium it is possible to design
character_istics are.n_egative, which corresponds to the casge effective refractive indicaﬁéﬁ andn, in such a way that
when cylinder exhibits the behavior of a left-handed me-he peaks due to surface polaritons occur in the frequency
dium. For Hy and H, polarizations we foundd modes  range where the effective refractive index becomes imagi-
[Hoy,H11, andHor—see Fig. Ro)] andE modes[Eoz,Eos,  nary for both parallel and perpendicular polarizations of the
and E;;—see Fig. 8)] in the frequency rangeso<e  magnetic field to the plane of the SRR, and thus we can
<wy, which correspond to bulk polaritons. These peaks inyesign metamaterials in which incident electromagnetic ra-
dicate the existence of propagating modes with a negativgjation excites surface polaritons irrespective of the polariza-

group velocity. Such a behavior is consistent with the resultgion. This result may be interesting for applications based on
of transfer-matrix calculations and transmission experimentghe syrface excitations.

for the case ofH| polarization in two-dimensional left-
handed metamaterials,according to which the medium be-
comes transparent in this frequency range.

In the case oA, polarization we found foH modes both
surface and bulk modéd# 1,,Hy—see Fig. 2d)] in the fre- The research was supported by in part by NSF Grant No.
quency rangev;<w<wg, While only bulk modes are sup- INT-932651.
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