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Role of bianisotropy in negative permeability and left-hnanded metamaterials
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The recently proposed artificial media with negative magnetic permeability and left-handed metamaterials
are revisited at the light of the theory of artificial(isb/anisgtropic media. In particular, the existence of
bianisotropic effects in those materials is investigated, making use of an approximate model. Some unex-
plained properties of the electromagnetic-wave propagation through these media, revealed by closer inspection
of previous numerical simulations and experimental work, are highlighted. It is shown that these peculiarities
are properly explained if the bianisotropy is explicitly accounted for. The bianisotropy is related to the exis-
tence of magnetoelectric coupling in the artificial constitugatsificial atomg of the medium. A simple
modification of the artificial atom that precludes the bianisotropy is also proposed.
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[. INTRODUCTION presence and effects of bianisotropy in some of the artificial
NMPM and left-handed materials already proposed by other
A material medium consisting of metallic inclusions ran- authors. We have developed for this purpose an analytical
domly or periodically distributed inside a host dielectric be-approximate model of the media accounting for bianisotropic
haves, at least within a certain range of frequentigsically ~ €ffects. The model has been used to evaluate the magnitude
in the microwave region as an effective continuous medium of the cross polarization effects. The qualitative and quanti-
whose e|ectromagnetic constitutive parameters may ha\/@tive results obtained from this model corroborate the main
values well outside of the range covered by ordinary matericonclusions reported in Refs. 3 and 4. Moreover, the bianiso-
als. Thus, for instance, an artificial negative electric permitiropic effects incorporated in the model explain some effects
tivity medium (NEPM) can be obtained by using long me- observed in the electromagnetic-wave propagation through
tallic wires as inclusion$? which simulate the plasma the aforementioned media, which cannot be fully understood
behavior at microwave frequencies. Since free magneti@t the light of the theory proposed in Refs. 3 and 4.
charges are not present in nature, this method cannot be used
for manufacturing negative magnetic permeability media Il. APPROXIMATE ANALYSIS OF THE SRR PARTICLE

(NMPM). Such media, however, can be built up by using . I

small resonant metalliparticles with very high magnetic anJTﬁeSIeRﬁshgirggjer:]j:\?edﬁfaci:lgsrsgzggi;hsh,:vl\\jlr?ﬁb;i 3 1
polarizability. Recently, a particle having this property, theIt is formed by two coupled conductir):g fings printedg.on.a
so-calledsplit ring resonator(SRR, has been proposed for dielectric slab of thicknests As far as the size of the particle

this purpose’.An artificial medium consisting of an aggre- is much smaller than the free space wavelength at resonance
gate of these particles shows a negative permeability regio . > Spe 9
n our case the particle size is about one-tenth of that

near and above the resonance frequency. In this region, mag-
netic susceptibilities below 1 are possible. A combination

of the artificial media proposed in Refs. 2 and 3 has been
experimentally demonstrated to beleft-handedartificial
medium, i.e., a medium having, simultaneously, negative
electric permittivity and negative magnetic permeabfit.

On the other hand, embedding metallic resonant particles
showing cross polarization effectse., an electric polariza-
tion as a response to an applied magnetic field and vice
versa in a host dielectric medium is the usual technology for
obtaining bi-isotropic and/or bianisotropic artificial media
(i.e., media which replicate optical activity at microwave
frequencies’~°Indeed, all the aforementioned artificial ma-
terials (bi-isotropic, bianisotropic, NMPM, and left-handed
materialg turn out to be very similar in many aspects. Thus, gt
the presence of resonances in the commonly used bianisotro- S —
pic and bi-isotropic inclusions suggests the existence of re-
gions with negative permeability and/or permittivity, at least
if losses are very low or, simply, ignored. Conversely, cross FiG. 1. The split ring resonatdSRR. For numerical calcula-
polarization effects could also be expected in some of the&ions we have chosen the same dimensions as in Refs. 4 and 5, i.e.,
proposed resonant particles used to manufacture NMPM ang=0.8 mm, d=0.2 mm, r,=2.3 mm, andt=0.216 mm. The
left-handed materials. Our aim in this paper is to discuss theelative permittivity of the dielectric layer is, = 3.4.
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wavelengtfl), a quasistatic analysis is plausible. Under suchEquation(5) shows that the particle is diamagnetic above the
an assumption, we will analyze the behavior of the particleesonance frequency. Until this point our analysis does not
when an external magnetic fiekl= B*'exp(wt)z is applied. essentially differ from that ifRef. 3. However, a careful

In that case an electromotive for€e- —i wmr2B, is induced ~ consideration of the behavior of the particle shows that the
along the rings which is responsible for creating a currenSRR Should act not only as a magnetic dipole, but also as an
flow which produces a total magnetic moment in the particle €l€ctric dipole. This behavior is expected from the fact that
The slot between the rings acts as a distributed capacitanc@y@sistatic potentials and charges for <2 are the
which stores the same amount of chaiget of opposite electrical images of these quantities foK@<<m, as is

sign at both sides of the slot. From charge conservation, Skeétched in Fig. 1, so that the particle has a nonzero dipolar
electric moment along thg direction. After some calcula-

dl _ tions, this electric dipole is found to be
%2_|(J)ro()\i+)\o):0, (1)

2 -1
w w
wherel is the total current flowing on both rings aig and py=ia§2‘B§Xt, a§2’=2w0wrgcodefff<—g— 1) ,
\, are the per unit lengtlip.u.l) charge at the inner and w
outer rings, respectively. Equatidi) shows that the total ®)

current on the SRR does not depend #nHowever, the whereC, is the p.u.l. capacitance between the rings when
currents supported by the innér, and the outerl,, rings  the dielectric is removed, and theffective distance def¢
are, of course, functions ap satisfying the following equa- gives the p.u.l. polarizatio®, along the slot a®,=d\;

tion: ~de11Co(V;—V,) for 0<¢p<m. HereCy is used instead of
di C because it is the totéfree plus polarizationcharge, which
o @I\ o= —i 0l C(Vi—V,), 2) contributes to the_z particle polarizability.
d¢ ‘ From application of the well-known Onsager symmetry

whereC is the p.u.l. capacitance between the rings ¥ng principle to Egs(6), it can be inferred that the analyzed SRR

are the quasistatic voltages along the inner and outer ring@lsc_) will show an agditional cross polarizability, resulting_in
respectively. The quasistatic voltages at the points matked " induced magnetic moment when an external electric field,

B, C, andD in Fig. 1 can be obtained using Faraday’s law: with the appropriate polarization, is applied. This cross po-
larizability could be obtained by direct calculations. How-

) ever, since the SRR is made with reciprocal media, reciproc-

Va=Vp=—Vg=—Vc=i (LI +ar5Bs),  (3) ity should also hold for the whole structure. In that case,
from the symmetry relations for the generalized

whereL is the total inductance of the SRR. The variation of susceptancés’? and Eqs(6), the aforementioned cross po-

the quasistatic voltage drop along the slot could be obtainethrizability can be shown to be given by

by applying transmission line theory. However, as far as the

size of the particle is small with respect to the free space m,=iayEy'= —iay BV, (7)

wavelength, a first-order approach that considers a linear ext - _ L _

variation with ¢ of V, andV, is justified. Considering loss- WhereE_y is an appll.ed EXterQr?I. ele.ctrlc field directed along

less rings and using this approximation, together with Eqsthey axis of the particle andv;' is given by Eqs(6).

(1)=(3), the analysis shows that there is an approximately The particle also has am; polarizability, which can be

constant voltage drop;(¢) — Vo(¢)=AV, across the upper approximately evaluated as the polarizability of a disk,

half of the slot (6<¢<<7) whereas, from the symmetry of

the particle, the voltage drop across the lower half of the slot ee_ 1_6 3 . —rotc+d/2 8
is just the oppositdi.e., V(¢) —Vo(d)=—AV for m<¢ o= €0 lexty Texi=lo™C @
<2m]. The analysis also shows that the particle has a reso- e ee i
nance at the angular frequency as well as a polarizabilityr,,; which is given by
-1
2 g
wi= ok @) ale=aget 4w3rgchd§”( = 1) : 9

.e., the SRR essentially behaves as a resob@ntircuit. A~ The second term on the right-hand side of E%).is calcu-
more involved analysis using transmission line theory with-5¢a4 from Eq.(7), which implies that any external fiele*!
out approximations yields the same results. This result is alsg; inquce a current on the ring which, in turn, will create an

consistent with those obtained in Ref. 3 if we assume gjectric polarization, which cannot be neglected around the

~ ol o This .assgmption v_viII be justified in the following. resonance frequency. Finally, E4S)—(9) are summarized as
The quasistatic analysis also accounts for the magnetig)|ows:

momentm,= wrSI of the particle, which is given by

DV P ED, 10
_ _mmpext mm_ 7 Vo[ @0
m,=a;, B,”, a;; = L E_l - 5 p = afES Ly | pemgext (11)
y yy—y yz=z
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m,= —iaf ES - o "BS, (12)  vided thatE andH are polarized along thgandz axes of the
. - _ . SRR’s, respectively. The wave number of these TEM plane
which clearly shows the bianisotropic behavior of the par-

ticle. From Eqs(10)—(12) it should be possible, after appli- waves is given by

cation of an appropriate homogenization procedure, to obtain

the macroscopic susceptances ofeffiectivecontinuous me- Ky= 0\ s £€yy— ,uoeoxf,z, (15
dium consisting of a random or periodic arrangement of

these particles. The suitability of such a homogenization prognich differs from the expressions in Refs. 3 and 4 because
cedure will be mainly limited by the electrical size of the unit ¢ e presence of the bianisotropic teup,. Note that a
cell. There exists wide experimental evidence of an aPPrOyery important consequence of EAS) is the existence of a

priate_ homogenization procedure that provides a good d&gpidden band at those frequencies satisfying
scription of the main features of the electromagnetic behav-

ior of left-handed and/or Kiso/anisgtropic metamaterials,

provided that the size of the unit cell is smaller than approxi- Mzzeyy_MOEOK)Z/z<Ov (16)
mately one-tenth of the free space wavelength—as is the

case—or even more>%'%Losses can also play an important while transmission is possible for

role in the homogenization procedures, but the numerical

simulations reported in Ref. 4 show that, for the particular 5

structure analyzed here, the main experimental results can be Kaz€yy~ Ko€oky,> 0. (17
accounted for by neglecting losses in the analysis of the ar-

tificial atoms. Furthermore, although losses are systematiJsing Eq. (15 for the TEM wave number instead of the
cally neglected along this paper, they could be easily incorsimplified equatiork,= w/u,.€,, (Refs. 3 and #leads, of
porated in the proposed model by simply adding acourse, to quantitatively different results, but also to a mean-
frequency-dependent imaginary paftiR/w to the induc- ingfully different qualitative behavior. Assuming that the
tancel (accounting for the series resistariRef the metallic ~ NMPM has a positive dielectric constar‘dyWPM> 0) in the
strips and an imaginary paiwG to the p.u.l. capacitand®  whole frequency range of interest, assuming that the com-
(accounting for the p.u.l. shunt conductarigacross the slot posite SRR and wire mediufie., the left-handed materjal

between the rings has a negative dielectric constant at the same frequencies
(eyy'<0), and assuming that the magnetic properties of both
11l. CONSEQUENCES AND QUALITATIVE EVIDENCE OF media are identicaf (M'z\lePM:MIZ_;' and K';‘;V'PM: K;';), the
BIANISOTROPY simplified ~ relation k,=w\u .6, Wwhich neglects

In order to evaluate the physical implications of the bi- Pianisotropy—i.e., the magnetoelectric coupling in the
anisotropic nature of the SRR particle, we have analyzeRR—Predicts a forbidden band for the NMPM whiek-
both the anisotropic NMPM proposed in Ref. 3 and the fwo-actly commdeg with the transmission band for the left-
dimensional left-handed medium proposed in Ref. 4. Thd!anded material. The use of Eq45)—(17), however, pre-
first medium consists of a number of identical SRR particled/iCts @ mismaich between the aforementioned frequency
printed on a dielectric slabrelative dielectric permittivitye, ~ °ands as far a&,,#0. This mismatch would be located at
and thickness) and arranged in a cubic lattice with spacing the UPPer limit of both bands, wheye,, approaches to zero
a. The left-handed materfais formed by placing between (the lower limit is at the resonance, wheug,—~ — ). This
the SRR particles of the above medium wiregaguivalent mismatch, although ap_parently_ ignored in t_he_dlscussmn by
infinite length, which are parallel to theaxis of these par- the authors of the previously cited papers, is in fact, clearly
ticles[see the inset in Fig.() in Ref. 4]. The wire medium perceivable in t_he numerlca! simulations rep_orteq in F(g) 2
behaves as an anisotropic plasma, wity,= eo(1 of Ref. 4 and in the gxpenmental curves in Fig. 3. in the
—wﬁ/wz), o, being the plasma frequenty. Neglecting same pgper._ln our opinion, such a ml_smatch _canr.1c_)t be ex-
losses and taking into account the constraints imposed by trf%la'ned ify is neglected in the dispersion relati(td); i.e.,

reciprocity theorent? the constitutive relations for these me- It cannot be explained if bianisotropic effects are neglected.
dia can be written as Moreover, when numerical simulations are carried out for the

same structure and for plane waves propagating in the same
_ = = direction, but with the electric field polarized along thaxis
D= €o(1+ Xe)- E-iVeopor-H, 13 of the SRR particle, the rejection band of the NMPM and the
=7 = transmission band of the left-handed material exactly
B=iVeouor - B+ pro(1+xm)-H, (14 Coincided This result can be interpreted by taking into ac-
where, accordingly to Eq$10)—(12), only xeyy, Xexx: Kyz,  count that the cross polarizatiorg,' vanishes in the SRR
and y,,, are different from zero. When losses are neglectegarticle and, therefore, the coupling parametgrmust van-
all these quantities are real numbers. ish in the corresponding effective medium. We can thus con-
It can be easily realized that plane transverse electromagiude that the presence of bianisotropy provides an explana-
netic (TEM) waves can propagate along tkeaxis in an tion of some, in other way unexplained, qualitative results of
homogeneous medium described by the constitutive relatiorthe numerical simulations and experiments presented in
(13) and (14) (with the aforementioned restrictionspro-  Refs. 4 and 5.
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IV. NUMERICAL AND EXPERIMENTAL EVIDENCE OF 5.5 -
BIANISOTROPY 53 - // /
. . . z / o) E&—
Once it has been shown that the consideration of the mag_ s 4 =A== 1& 5'.;’1 e
neto electric couplingi.e., the bianisotropy nature of the £ Ry At R n Aoy,
artificial medium can account for some significant qualita- % 4.9 - T == C s Srppg it

tive features of the propagation of electromagnetic Waves§ 47 - "
through the NMPM and left-handed materials under study, & 5 Ji
quantitative agreement between our model and the numericat "~ —F

simulations and experiments in Ref. 4 will be discussed in 43 - ' 4 T #

this section. For this purpose, the polarizabiliti@)—(12) 41 - —(

must be calculated for the SRR particles used in Ref. 4. The e
p.u.l. capacitance€ andC, have been calculated using the 0 50 100 150 200 250 300 350

routines reported in Ref. 14. It is not a simple task to develop Phase Advance (deg)

an analytical model for the total inductante Due to this
reason, we have deduced the valué dfom the experimen- FIG. 2. Phase advanc&,a) as a function of frequency for the
tal value of the resonance frequency for a single particleumpMm (solid lines and the left-hande¢totted liney metamateri-
reported in Ref. 4 {=4.845 GHz) and from Eq(4). This  als reported in Refs. 4 and 5 for a TEM wave polarized with the
leads, for the particular case treated in Ref. 4, to the valuelectric field along the axis and the magnetic field along thexis
L=3.03ugro (which is of the same order than the value of Fig. 1. The dimensions of the SRR’'s are as in Fig.al.
obtained for the inductance of a ring of radiysmade with =8 mm. The characteristics of the wire medium can be found in
a wire of radiusc/2 (Ref. 12: L= pugro[In(16ry/c)—2] Ref. 4. Curves labeled No. 1, No. 2, apdl show the results ob-
=1.87uor o). Finally, theeffectivedistanced,¢; has been ap- tained following the two analytical methodNo. 1, No. 2 reported
proximated agl.¢r=c+d. Using these values in Eq)— in this paper and the results of the numer_ical simula}tio_ns i_n Fig.
(9), the polarizabilitie10) and (11) have been calculated. 2(©) of Ref. 4. The frequency gaps for which transmission is not
Once these polarizabilities are known, the constitutive papossmle neither in the NMPM nor in the left-handed metamaterlal
rameters of the effective medium can be obtained by mearfy® 12beled asw,, vy, 5w [4], and dwexpr. The experimental 3
of a homogenization procedure. A rough approach is to Sim—AB transmission band for the left-handed metamaterial is shown as
ply take for the nonzero macroscopic susceptibilitigs, Qexpt-
:age/as, Xexx— ais/asv Kyz= \/MO/EOag]ye/as1 and xmzz o o
= woa i a®, wherea® is the volume of the unit cell. This Although qualitative and quantitative agreement between our
approach, which neglects the electromagnetic coupling beanalytical model and the numerical simulations is just as
tween the individual atoms of the metamaterial, only quali-good as can be expected from the rough approximations we
tatively accounts for the behavior of the analyzed mediurrhave used, it is physically meaningful to predicgap of
(for which a=8 mm). Just approximate qualitative results frequenciesgw, for which propagation is not possible nei-
can be expected from this method, which we will call proce-ther in the NMPM nor in thdeft-handedmetamaterial. The
dure No. 1. A second scheme, which we will call proceduregap appears in both analyticalg, and dw,) and numerical
No. 2, is based on the well-known Lorentz approach for thgesults e [4]) and is highlighted in Fig. 2. This gap is
local fields on the particle:E,=E+P/(3¢,) and H=H  clearly perceivable too in the experimental results depicted
+M/3. Results obtained by using this latter approach, whos# Fig. 3 of Ref. 4. For comparison purposes, the measured
main guidelines are summarized in Ref. 10, are expected t3 dB passhand of the left-handed metamatefal,,;, and
be closer to the results of the numerical simulation. Neverthe 3 dB forbidden frequency ga@iweyp:, for both the
theless, it is known that this approach should fail near théN\MPM and left-handed metamaterial have been depicted in
resonance frequencies and when applied to dense media, Big. 2. Our rough analytical models reasonably predict the
is the case. Therefore results obtained following any of theposition and order of magnitude of the forbidden frequency
procedures above are expected to agree just roughly with trgap. This detail of the phenomenon, which is present in both
experiments, but procedure No. 2 is expected to be bettegxperiment and numerical simulations, cannot be explained
than procedure No. 1. by just characterizing the NMPM by means of a negative
Figure 2 shows the results obtained following the proce{ermeability and/or the left-handed material by means of a
dure Nos. 1 and 2 in this paper as well as those obtainegimultaneously negative dielectric permittivity and magnetic
from the numerical simulation in Ref. 4. Note that the nu-permeability. However, it is perfectly accounted for by
merical simulations presented in Ref. 4 were carried out byneans of the hypothesis of the bianisotropic nature of the
using a commercial electromagnetic mode solver which, obmaterial.
viously, considers the discrete nature of the metamaterials. Moreover, it was already noted that, for the case of plane
Therefore, although bianisotropy is not explicitly incorpo- waves propagating along tlyeaxis of the SRR’s, with th&
rated in the macroscopic constitutive relations proposed imndH fields polarized along the andz axes of the SRR’s,
Ref. 4, the numerical simulatior{g/hich ignore anya priori respectively, numerical simulations do not predict any mis-
hypothesis about the nature of the metameteimaplicity =~ match between the NMPM forbidden band and the left-
will account for its effect, provided it is actually present. handed medium passban@ince the cross polarizations."
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and oy vanish for the SRR particle, it is obvious that our y
analytical model does not predict a mismatch either. This is T
an additional confirmation of the hypothesis of bianisotropy

as the explanation for the behavior of these media. A final
evidence in favor of the theory in this paper is that, for plane
waves traveling along theaxis of the SRR’s, with the fields

E andH polarized along thg/ and x axes of the particles,
numerical simulations predict a narrow transmission fre-
guency band for the left-handed material just below the reso-
nance[see Fig. 2d) in Ref. 4]. This result is also coherent
with Eg. (9). Indeed, this equation predicts a resonance in
ayy which produces very large and positive values of this X
polarizability just below the resonance. These high values
would result in large and positive values of the dielectric
permittivity of the NMPM, which, eventually, would cancel
the negative values of the dielectric permittivity of the wire
medium, thus giving a positive global dielectric permittivity
for the left-handed material. Since the permeability of the
NMPM is positive below the magnetic resonance frequency,
this results in a narrow passband for the composite left-
handed material at these frequencies. Once again our hypott
esis seems to be confirmed by numerical simulation.

From the quantitative point of view adopted in this sec-  F|G. 3. The modified split ring resonatéMSRR) proposed as
tion some discrepancies can be observed between our modg| alternative to the conventional SRR in order to avoid bianisotro-
and the numerical simulations and experiments reported ipic effects.

Ref. 4, which deserve some comments. Thus, in numerical

simulations the frequency gap is of about 100 MHz, Wherea?n particular, when a time-harmonic varying external mag-
the analytical model predicts gap of about 50-60 MHz. netic field is applied along the axis of the particle, it will

Moreover, the graphics in Fig. 2, although similar, show a. q by Faradav’s | lectri h li
systematic displacement in frequency. These discrepanciddduce—Dy Faraday’s law—electric currents on the metallic

between the numerical simulations and the analytical moddlnds With a behavior described by Eq$)—(4), where now
might be due to the limitations of the homogenization pro-L Should be the total inductance of the MSRR addhe
cedure and/or the numerical simulations or to the presence ¥U-l- capacitance between the two opposite metallic strip
spatial dispersion, which cannot be taken into account by théngs. Therefore, the MSRR shows a magnetic polarizability
assumed local constitutive relatioffs3) and(14). Some de- also given by Eq(5) with the aforementioned new interpre-
gree of inaccuracy in the numerical simulations cannot bdation forL andC. However, as can be easily seen by inspec-
discarded, since the location of the experimental pass aniibn of Fig. 3, the electric charge is distributed on both rings
forbidden bands shown in Fig. 2 is better reproduced by thef the MSRR in such a way that no net electric polarization
analytical models in this paper than by the numerical simuis produced. In fact, as is sketched in Fig. 3, the electric
lations. Note that the bandwidths calculated from the analytipolarization of the upper half sidgt0) of the MSRR must
cal models are smaller than the experimental bandwidthsye just the opposite of the polarization of its lower half side
This discrepancy could be attributed to Ohmic losses, whicliy<0), in order to allow the field displacement current to
are not taken into account in our model. close the ohmic current lines. That is, the MSSR is not a
bianisotropic particle.

Apart from the absence of magnetoelectric coupling, the
MSRR presents an interesting additional advantage. Since

Since bianisotropy might be an undesired property of thehe p.u.l. capacitance between the broadside coupled metallic
medium, a method to eliminate it could be of interest. Therestrips of the MSRR can be made considerably higher than
is a slight modification of the SRR particle which would the p.u.l. capacitance between the edge coupled split rings
eliminate the magnetoelectric coupling of the SRR particle(by simply widening the strips and/or by using a very thin
(and then the bianisotropy of the artificial mediumvhile  dielectric slab and/or increasing its dielectric permittiyity
keeping all its other interesting features. This modificationis expected that the resonant frequeitdy could be mean-
consists in replacing one of the ringthe internal ring, for  ingfully reduced(the total size of the particle remaining un-
instancée by another ring located just behind the externalchanged with respect to the SRR configuration. This will
ring, at the opposite side of the dielectric substrate, with theesult in a smaller overall electrical size of the particle at the
slits still placed at opposite sides. This modification of thefrequencies of operation of the resulting NMPM and/or left-
SRR particle is sketched in Fig. 3. The electromagnetic behanded metamaterials. This is a very important aspect if the
havior of this modified SRRMSRR) should be in many artificial discrete medium has to be described as an effective
essential aspects similar to that of the SRR shown in Fig. 1continuous medium at microwave frequencies.

V. AVOIDING BIANISOTROPY
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VI. CONCLUSIONS equivalent continous medium consisting of an aggregate of

The recently reported artificial negative magnetic perme—those particles. Considering bianisotropy, some up-to-date

ability media and left-handed metamaterials have been revi unexplained features of the electromagnetic waves propagat-

ited at the light of the theory of Gso/anisgtropic artificial sfng through those media can be explained. In particular, it

media. The conclusions obtained from this analysis com IerJaS been shown that the transmission and forbidden fre-
' Y P uency bands for those materials can be more adequately

Tgaﬁghesge;gltfegvrﬁ ?é;;ﬁging?r;ﬁg glreegtlr%uriawﬂ:aktisé EXQescribed accounting for bianisotropy. Finally, a new modi-

Eaviorgof such media. It has been highii htedgthat thgfied split ring resonator, which does not present bianisotropic
X : s 1gniig . ._effects, has been proposed. This new MSRR could be useful

electromagnetic behavior of artificial bianisotropic medla,i the desian of new nonbianisotronic NMPM and left-

NMPM, and left-handed metamaterials, made with resona anded met%materials P

metallic inclusions in a host uniform medium, present notice- '

able similarities. In particular, the bianisotropic characteris-

tics of recently reported NMPM and left-handed metamate-

rials have been investigated. An analytical model, accounting The authors thank Professor D.R. Smith for kindly pro-

for magnetoelectric coupling, has been proposed for the splitiding all required information about his calculations and

ring resonato(SRR), which is the elementary atom of the experiments. This work was supported by the Comidio-

g y p pp y
aforementioned NMPM and left-handed metamaterials. Thaterministerial de Ciencia y Tecnola@giSpain, under Project
coupling is responsible for the bianisotropic behavior of theNo. TIC2001-3163 and by Junta de Andakici
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