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Electric coupling to the magnetic resonance of split ring resonators
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We study both theoretically and experimentally the transmission properties of a lattice of split ring
resonator¢SRRS3 for different electromagnetidEM) field polarizations and propagation directions.

We find unexpectedly that the incident electric fieldouples to the magnetic resonance of the SRR
when the EM waves propagate perpendicular to the SRR plane and the iriEidepérallel to the
gap-bearing sides of the SRR. This is manifested by a dip in the transmission spectrum. A simple
analytic model is introduced to explain this interesting behavior2@4 American Institute of
Physics. [DOI: 10.1063/1.1695439

Metamaterials with a negative index of refraction havetreated as homogeneous. This procedure was applied in Ref.
attracted recently great attention due to their fascinating elect2 and confirmed that a medium composed of SRRs and
tromagnetid EM) properties. It was Veselago that introduced wires could indeed be characterized by effectovand
the term “left-handed substances” in his seminal work pub-whose real parts were both negative over a finite frequency
lished in 1968 He suggested that in a medium for which the band, as was the real part of the refractive indexlowever,
permittivity e and permeabilityu are simultaneously nega- it was recently showti'* that the SRRs exhibit resonant
tive, the phase of the EM waves would propagate in a direcelectric response in addition to their resonant magnetic re-
tion opposite to that of the EM energy flow. In this case, thesponse. As a result of this electric response and its interaction
vectorsk, E, andH form a left-handed set and therefore with the electric response of the wires, the effective plasma
Veselago referred to such materials as “left-handed.” Thefrequency,wé, is much lower than the plasma frequency of
interest in Veselago's work was renewed since Perdidl.  the wires,w,. An easy to apply criterion was proposédb
proposed an artificial material consisting of the so-calleddentify if an experimental transmission peak is left-handed
split-ring resonatoréSRR$ which exhibit a band of negative (LH) or right-handedRH): If the closing of the gaps of the
w values in spite of being made of nonmagnetic materialsSRRs in a given LH structure removes only a single peak
and wires which provide the negatieebehavior Based on  from the T data(in the low frequency regimethis is strong
Pendry’s suggestion and targeting the original idea of Veseevidence that th& peak is indeed LH. This criterion is valu-
lago, Smithet al. demonstrated in 2000 the realization of the able in experimental studies, where one cannot easily obtain
first left-handed materigdLHM) which consisted of an array the effectivee and u. It was applied experimentally and it
of SRRs and wires, in alternating layérSince the original  was found that som& peaks that were thought to be LH turn
microwave experiment by Smitlet al. several composite out to be RH* It seems that a careful study of the SRR
metamaterialfCMMs) were fabricatet® that exhibited a pehavior, both electric and magnetic, is necessary for the
pass band in which it was assumed tleaaind n are both  design and realization of LH structures. Marg@ al. con-
negative. This assumption was based on transmission megijered bianisotropy in SRR structures and developed an

surements of the wires alone, the SRRs alone, and th&nalytical model to evaluate the magnitude of cross-
CMMs. The occurrence of a CMM transmission peak withinpolarization effects®

the stop bands of the SRR and wire structures was taken as |n this letter, we report numerical and experimental re-
evidence for the appearance of LH behavior. Further suppogyts for the transmission coefficient of a lattice of SRRs
to this interpretation was provided by the demonstration thagone for different orientations of the SRR with respect to the
such CMMs exhibit negative refraction of EM wavB8. external electric fieldE, and the direction of propagation.
Moreover, there is a significant amount of numerical|ncidence is always normal to some face of the orthorhombic
work®~*!in which the transmission and reflection data areynit cell of this metamaterial, which implies six distinct ori-
calculated for a finite length of metamaterial. A retrieval Pro-entations(Fig. 1). It was considered an obvious fact that an
cedure can then be applied to obtain the effective metamatgscigent EM wave excites the magnetic resonance of the
rial parameters and u, under the assumption that it can be grp only through its magnetic field; hence one could con-
clude that this magnetic resonance appears only if the exter-
dElectronic mail: katsan@iesl.forth.gr nal magnetic fieldH is perpendicular to the SRR plane,
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FIG. 1. Left-hand side: SRR geometry studied. Right-hand side: The foug|G. 2. Measured transmission spectra of a lattice of SRRs for the four
studied orientations of the SRR with respect to the tkad, H of the different orientations shown in Fig. 1.

incident EM field. The two additional orientations, where the SRR are on the

H-k plane, produce no electric or magnetic response.

transmission and reflection amplitudes and thus allows us to

which in turn implies a direction of propagation parallel to obtain thezeffective_z_medium(w) and () vi_a a _retri_eval
the SRR[Figs. 1a), and 1b)]. If H is parallel to the SRR proceduré? In addition, the FDTD allows visualization of
[Figs. 1) and Id),] no coupling to the magnetic resonance the spatial distribution of the fields and currents inside the
was expected. In this article we show that this is not aIwaysSyStem' as a function of time.

the case. If the direction of propagation is perpendicular toSRF\{Ne rﬁ:.o;]mderer(]:i the. fo;.r nf nlt:r.|V|aI c;rlentatlotnsthof the
the SRR plane and the incideft is parallel to the gap- » WhICh are shown In Fig. 1. Figure 2 presents the mea-

bearing sides of the SRFFig. 1(d)], an electric coupling of s.ured. transmission Spectrg, of the CMM' The continuous .
the incident EM wave to the magnetic resonance of the SRI%r.]e (line a) .corresponds t9 the conventional case shown in
occurs. This means that the electric field excites the resonant?: Ill(?)t’ V;'r;th H perptendlc_ula:c ttr? tg;sR’\T tplant’;r aik
oscillation of the circular current inside the SRR, influencingE%r_? € Ot el;syn;metrg §X|1Sooo GeH d. ?'iﬁ ax- i
either the behavior oé(w) only [as in Fig. 1d)] or e(w) and Ibits ‘a stop band at 6.5-10. z, due 1o the magnetic
u(w) [as in Fig. 1b)]. Experiments as well as numerical resonance. The dashe_d lidime b) showsT for the orienta-
results based on the transfer maiM ), and on the finite tpn of Fig. X(b); hereE is no Iong.er parallel to the.symmetry
difference time domain(FDTD) method reveal that for axis of the SRR_and thus there is no Iongeram_lrror symme-
propagation perpendicular to the SRR plane a dip in thé[[]y tOf th(?rcorr?_tt;{r:ed syst(ra]m .gf SRtR %IusdEl\:l 8f|elld0. é\loeth':e
transmission spectrum close to the magnetic resonapaef at how? exnibits a much wider stop band at 6=-9. Z:
the SRR appears whenever the mirror symmetry of the SRlﬁt‘,”lrtmg at lower frequency. Very interesting re'sult's are ob-
with respect to the direction of the electric field is broken byta'ned by comp_arlng' for_the two cases shown in Flggccl_
the gaps of its ring§Fig. 1(d)]. As we point out below the a_nd J(d)_, for which there is no coupling to the magnetic field
possibility of such electric coupling to the magnetic reso—s'nceH |s_parallel fo the SRR plane. For t_he case of Fig.1 .
nance does also affect the conventional orientatidtigs. where E is parallel to the symmetry axis, no s_tructgre 1S
1(a), and 1b)], that have the direction of propagation along Ic;bsezrved around tgelTagnetlc. reshonance frfe'(__q.uémwﬁ n
the SRR plane. A simple analytic model is given that pro- 9" ), as expected. However in the case of Fig) lwhere
vides an explanation for the phenomenon. the SRR p]us EM field e_xh|b|t no mirror sym_m(_atry, a strong
For the experimental study, a CMM consisting of SRRsSOP band inr a.roundwm |s'0bservedlln_e d), similar to that
was fabricated using a conventional printed circuit boaroOf the conventlorlal casrig. 1(a)]. This str.ongly suggests .
process with 3Qum thick copper patterns on one side of athat the magnetic resonance can be excited by the electric

1.6 mm thick FR-4 dielectric substrate. The FR-4 board has geIdT%rowdeg that tthere IS no mwro(; symmetry.t ith th
dielectric constant of 4.8 and a dissipation factor of 0.017 at . ese observations are in good agreement with the nu-
1.5 GHz. The design and dimensions of the SRR, which argwenc_al results, presented in Fig. 3. For the propagatlgn per-
the same as those of Ref. 5, are described in Fig. 1. ThBendICUIar fo the SRR we o_bserve a stop band OPEI 15 -
CMM was then constructed by stacking together the SRFparallel to the cut-bearing sides of the SRR and “sees” its
structures in a periodic arrangement. The unit cell contains

one SRR and has the dimensions 5 rfparallel to the cut 0 p—zwgey
sideg, 3.63 mm(parallel to the continuous sidesand 5.6
mm (perpendicular to the SRR planeThe transmission -301 ib 1
measurements were performed in free space on a CMM =
block consisting of 2% 25x 25 unit cells, using a Hewlett- g G 1
Packard 8722 ES network analyzer and microwave standard- 9ok i 1
gain horn antennas.

Additionally, numerical simulations using TMM and 120k ¥ i
FDTD method were performed to understand the couplings 006 0068 06 O0S G008 GOe o
to the SRR. Both methods use a discretized model of the wa/c

SRR, similar to the one shown in the inset of Fig. 3, and IG. 3. Calculated transmission spectra of a lattice of SRRs for the four

periodic boundary conditions perpendicular to the directionyitterent orientations shown in Fig. 1. The curveractically coincides with

of propagation. The TMM directly computes the complexthe axis. The discretization of one particular SRR is shown in the inset.
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In summary, we have studied experimentally and theo-
retically the propagation of EM waves for different orienta-
tions of the SRR. It is found that the incident electric field
couples to the magnetic resonance of the SRR, provided its

Jetr direction is such as to break the mirror symmetry. This un-
expected electric coupling to the magnetic resonance of the
SRR is of fundamental importance in understanding the re-
fraction properties of SRRs in the low frequency region of
the EM spectrum. Also this new finding is very important for
the design of LHMs in higher dimensions.
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