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Electromagnetic resonances in individual and coupled split-ring resonators
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We study experimentally and numerically the electromagnetic resonances in split ring resonators
(SRRg, around 1 GHz. For an individual SRR, we show that both electric and magnetic fields can
induce resonances, the magnetic one being the strongest. The utilization of such resonant structures
as efficient microwave filter is also demonstrated. The coupling between two or more SRRs can be
quite complex and strongly depends on their geometrical arrangement. For small separation
distances, very strong coupling, leading to sharp resonances with high quality factors are observed.
In that case a magnetic field circulation which connects neighboring elements is established. The
practical implications of these results for the fabrication of a left-handed metamaterial are
discussed. ©2002 American Institute of Physic§DOI: 10.1063/1.1497452

I. INTRODUCTION The response of an infinite periodic arrangement of
SRRs has been investigated in detail by Peretral!! In
Recently, split ring resonatorsSRR$ have been suc- this article we investigate experimentally and numerically
cessfully used to build left-handed metamatertafsin such  the behavior of an individual SRR, as well as the coupling
a composite material, the electromagnetic waves behave inlkeetween several SRRs. Our purpose is to study the character
reversed manner and many peculiar effects arise: a conve®f this coupling and determine the optimal configuration to
gent lens becomes divergefend vice versp the Doppler —enhance it.
shift, and the Cherenkov radiation wavelength are reversed. The article is organized as follows: The experimental
These surprising properties were already postulated morgetup is described in Sec. Il, the computational model out-
than three decades ago by Veseldgag they have only been !lned in Sec. lll, individual and mteractmg SRRS are studied
demonstrated experimentally very receritynd new effects 1" Sec. IV, and the results are summarized in Sec. V.
based on left-handed materials are just being anticipated.
A left-handed material requires simultaneous negativél- EXPERIMENTAL SETUP

permittivity & and negative permeability.. At microwave The resonance frequency of a SRR scales directly with
frequencies, the former can be obtained with very thinjts dimensions. The measurements and simulations in the
nanowires that behave like a low frequency plasmonic mepresent work are performed around 1 GHravelength\
dium with plasma frequency,.**° On the other hand, a ~30 cm), which corresponds to large structures that are eas-
negative permeability over a given frequency range can bé#y fabricated. The investigated SRR and its dimensions are
realized in a periodic array of SRRSWhile negative per- described in Fig. 1. We consider a square SRR geometry as it
mittivity can be obtained in the nanowires for all frequenciesis particularly simple to make and has been extensively used
smaller thanw,, the negative permeability only occurs in a in left-handed metamaterials® For the experiment, indi-
narrow frequency band, on the high—frequency side of theidual SRRs were cut in 5@m thick self-adhesive alumi-
SRRs resonance. This resonance therefore determines tAgm foil and stuck onto a foam which permittivigyat mi-
range where the material will simultaneously have negative crowave frequencies is close to that of @ohacell HF 51,
and u, and exhibit a left-handed behavior. The interactione = 1.07.

between SRRs and its influence on the band wher is One or several SRRs were then placed in the middle

therefore essential for the practical realization of a left-Of an R9 rectangular waveguide(section =~ 247.65
handed material. X 123.82 mm, operation range 0.76—1.15 GHZand the

A typical SRR is shown in Fig. 1; it is made of two scattering parameters measured using a network analyzer
concentric rings, each interrupted by a small gap. This ga HP 8753B. The waveguide was excited with a jgfnode.

strongly decreases the resonance frequency of the systewg; thi?] mwg?;:tot%gcvg\%e%zgcﬂ rﬁzﬁ:tsi’r:: '35'25'30:22;:3
Like this, it is possible to obtain a resonant structure with P g PUCILY Imp P

dimensions onl tenth of th o nding wavelen thboundary conditions on the system. The structure under
ensions only a te ot the correspo g waveleng study is therefore effectively repeated periodically.
compared to a quarter of a wavelength for a closed, uninter-

rupted ring.
P 9 I1l. MODEL

aAuthor to whom correspondence should be addressed; electronic mail: ~ FOr the analysis of the' SRR depiCteq in Fig. 1, we adOP_t
martin@ifh.ee.ethz.ch the Green’'s tensor technique. The main advantage of this

0021-8979/2002/92(5)/2929/8/$19.00 2929 © 2002 American Institute of Physics



2930 J. Appl. Phys., Vol. 92, No. 5, 1 September 2002 P. Gay-Balmaz and O. J. Martin

@ Parallel polarization whereG,; is the vector potential Green’s tensor aB¢ the
1 E scalar potential Green’s function. Equati@) represents the
mixed—potential integral equation for the conductor bodies
H with surface S. To solve this equation numerically, the
k method of moment is applied and the unknown currd(ity

d

J(lr)=j§1 afi(r). 3)
First order Lagrange polynomial, defined on two adjacent

Y
Z
rectangular elements, are used as basis functions. For a typi-
Parallel polarization cal SRR about 70 discretization elements are required to ob-
(b) E tain an accurate representation of the current.
To compute the unknown coefficients that determine
the current in the SRR a line matching technique is used,
K H where Eq.(2) is fulfilled on specific line<C joining the cen-
ters of neighboring elements Equations(2) and(3) lead to
a system ofN equations for theN unknown coefficients:
VA

y
L E
f [n(r) X E(r)]- di(r)
k C
H

N
FIG. 1. Split ring resonatoiSRR used in this study, all dimensions in mm. _ 21 o Ldlk(r) . ‘ Z(r) n(r) ka(r) +n(r)
J:

Perpendicular polarization
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- A 30 peendicnlar polaization expanded in a series ™ basis functiond;(r) defined on
E rectangular elements:
T N
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The gap between inner and outer rings is 1 mm. The SRR is illuminated

with a plane wave propagating in thedirection and two different illumi-

nation polarizations are considered: parallel polarization, where the mag-

netic fieldH is parallel to the SRR axis and perpendicular polarization, X
where it is normal to that axiga) and(b) Two different orientations of the

SRR arms with respect to the electric fididare investigated.

ij Lém(r,r'»f,-(r’)ds’

1
—.—VJ JGV(r,r’)V~fJ(r’)ds’ ] 4

Jow s
approach lies in the fact that only the conductors must bgyith k=1,2,... N. From the induced currents on the con-
discretized, a more cpmplex bagkground like a surface or guctors it is an easy task to find the scattered electromagnetic
layered substrate being taken into account in the Green'gg|g at any point in space and to compute additional

3,14 . . .
tensor: observable$® In particular, the scattering cross section

The objective of the simulations is to determine the sur(scg can be obtained by integrating the scattered field on a
face currents] induced in the conductors forming the SRRs, |arge sphere enclosing the systétypical radius 10Q\).

when the structure is illuminated with an incident fiettl
These currents must satisfy the following boundary condi-
tions on the surfaceS of the conductors®

IV. RESULTS
n(r)X[EXr)+E'(r)]=Z(r)[n(r)xJ(r)], (1) A Individual SRR
whereES is the scattered field produced by the curréhta Figure 2 shows the scattering parametgmseasured for

surface impedance which allows to take into account the fi2 Single SRR placed vertically in the middle of the wave-
nite conductivity of the conductor, and the outward unit guide, for the two different illumination polarizations de-
normal to the conductor surface. picted in Fig. 1a). This parameter represents the amount of
Using a mixed potentia' approa&hlhe scattered field e|ectl’0magnetic power transmitted through the gu|de in the
can be written in terms of potentials via the Green’s tensorPresence of the SRR. To change the incident polarization, the

In this way Eq.(1) can be written as SRR is merely rotated upon iysaxis[Fig. 1(a)]. For parallel
polarization the magnetic field is parallel to the SRRxis
n(r)XE'(r)=2z(r)n(r)xJ(r)+n(r) and penetrates through the rings; for perpendicular polariza-
tion, the magnetic field is parallel to the SRR plane and does
x| i Gay(r.r')-I(r")ds’ not pgngtratg through the rings. For_ bot_h polarizations the
wa fs A1) J(r)ds electric field is parallel to the SRR axis[Fig. 1(a)].

The strongest resonance is observed for parallel polar-
_ ivf f Gy(r,r")V-J(r')ds' ) ization, as the incident field can create large currents in the
Jo s ' ' SRR. In that case, the power transmitted in the waveguide is
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times smaller in Fig. @) than in Fig. 3a), which explains

the large difference in resonance strength observed in Fig. 2
for both polarizations. The electric coupling depends on the
relative orientation of the SRR with respect to the electric

field. When the SRR is rotated by 90°, minute currents with

opposite directions are induced in each half—arm Fig. 3n

= that case, charges of same sign accumulate at the two ex-
S -5+ . . . . .
= tremities of each ring; the electric field vanishes in the gap
‘ and no resonances are observed experimentally.
The spectral response of the SRR is investigated in Fig.
4, where the current at the middle point of the external arm
- [point Ain Fig. A@] is shown as a function of the illumina-
—— parallel polarization . . G .
_____ perpendicular polarization tion frequency. The current intensity in Fig(a# shows a
10 , , , sharp resonance for parallel polarization, and a much smaller
0.850 0.875 0.900 0.925 0.950 resonance for perpendicular polarization, in good agreement
Frequency [GHz] with the experimental datidig. 2). The fact that the resonant
FIG. 2. Scattering parametss,; measured in an R9 waveguide for a single frequency is different from the experimental one can be re-

SRR illuminated in the configuration and polarizations of Fig).1 lated to the periodic boundary conditions implicitly imposed
in the experiment and shall be discussed in Sec. IV B.

The behavior of the phase of the current provides addi-
reduced by.a fgctor of 6.58.1 dB) at 0.896 GHz'. For the tional insights on the two resonand@g. 4(b)]. For perpen-
other polarization, a much weaker resonance is 0bservegicjar polarization, the phase changes at the resonance by
(Fig. 2). approximativelyar, from + /2 to — /2, as is the case in a

Fi If tl;\e tShRR is rotated fvert|caII|3|/ ?roulnd_ |tst_aX|s_ as Im tresonant electric circuifresistance, capacitance, and induc-
ig. 1(b), the resonance for parallel polarization is almos tance in serigs'’ A phase shift of similar magnitude is also

unaffectgd and remains very strong, while the resonance focgbserved for parallel polarization. However, in that case, be-
perpendicular polarization is completely suppressadt low the resonance frequency the phase is close, todica-

shown). ) ; ;
This behavior can be understood from the current distri-tlve that the current is mainly produced by the change of

butions obtained in the calculations, as illustrated in Fig. 3_matgnet:_c f:)lfx TtT mf_luertlr(]:e of the telehctrlc f'eldlf t\)/veak, b|u:
For parallel polarization, the incident magnetic field pen-no Neglgible, otnerwise he current phase would be equat to

etrates through the SRR and generates strong currents thﬁlbelow the reso_nance.Actua!Iy, When th_e Sp_l't nngis turned
flow on the rings as shown in Fig(®. The currents vanish PY 90° around its normal axigconfiguration in Fig. (b),

at the proximity of the gaps and are maximum at the middlé’_‘"th parallel polarlz_at_loih so that the effect of the electric
of the opposite side. Therefore charges of opposite sign adield becomes negligible, then the phase changes fram 2
cumulate at the two extremities of each ring, producing a€low the resonance to 0 abotreot shown.

strong electric field in the gaps. The strength of this magnetic ~ The quality factor associated with the two resonances
coupling only depends on the magnetic flux in the SRR andan be obtained from the SCS reported in Fig. 5. Both reso-
is therefore the same for both SRR orientations in Figs. 1 nances have the same quality fac@r=210, although the

and Xb). SCS magnitude is ten times larger for the parallel polariza-
External electric field can also induce currents in thetion.
SRR, as illustrated in Fig.(B). In that configuration the To summarize, both electric field and magnetic field in-

external magnetic field does not penetrate through the SRRuced resonances exist in SRRs, although the latter is much
and does not contribute to the induced currents. This electristronger. Note that the electric resonance is a characteristic of
coupling is rather weak and the induced currents about 18RR and does not exist for uninterrupted rings.
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FIG. 3. Distribution of the current calculated on the rings of the resonators. The color gives the intlgsitithmic scalg and the arrows indicate the
instantaneous current direction at a specific moment in time. Two different illumination polarizations are cons#jigradillel, (b) and (c) perpendicular
polarization; and two different configurations) and(b) same configuration as in Fig(al, (c) same configuration as in Fig(t.
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Intensity [LA]

Phase [degrees]

FIG. 4. Curren{a) intensity andb) phase, calculated at point A in Fig(al
for two different polarizations, as a function of the illumination frequency.

SCS [Arb. units]

FIG. 5. Scattering cross sectid8CS computed for a single SRR illumi-
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(2)

FIG. 6. Geometries considered for the study of interacting SR®RSIwo
SRRs in a row{b) two SRRs rows(c) three SRRs rows, and) two SRRs
placed side by side.

B. Interacting SRRs

In this section we study the interaction of several SRRs
as a function of their geometrical arrangement. We first con-
sider a row of parallel SRRs placed along a line in the wave-
guide[Fig. 6(a)]. The distance between the resonators axis is
d=\,/4=114 mm, where\, is the wavelength correspond-
ing to the TEy mode propagating in the waveguide, at the
resonance frequency of the SR®s895 GH2. For compari-
son with our free space numerical calculations, it is impor-
tant to take into account this effective wavelength in the
waveguidet?

Figure 7 shows the,sg scattering parameters for 1, 2, 3,
and 4 SRRs in the waveguide. This parameter is proportional
to the transmitted power in the waveguide loaded with the
SRRs. The very small discrepancy observed in the resonance
frequency for the single SRR is related to our simple fabri-
cation process which does not allow perfect control of the
SRR dimensions. Each additional SRR decreases the trans-
mitted power by approximatively 9 dB. Like this it is pos-
sible to reduce the power transmitted through the guide by a
factor of about 4000+ 36 dB), with only 4 SRRs. Further-
more, this effect remains strongly frequency selecfifisl
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. FIG. 9. Scattering cross sectid8CS computed for two SRRs with sepa-
FIG. 7. Scattering parametes, measured for one, two, three, and four rationd=\/4, two different illumination polarizations.
SRRs placed in a rojig. 6(@)] inside an R9 waveguide.

that two different coupling modes are involved, depending
width half maximum for 4 SRRs: FWHM1.02 MHz, Q  on the illumination polarization.
=877). This difference of coupling mechanisms is evidenced in

To study the coupling mechanisms between SRRs, thgig. 10, where the total magnetic field intensity distribution
separation distanag between two SRRs is varigéfig. 6@]  around the SRRs is reported for the two different illumina-
and the g, parameter measurd@ig. 8). Whend decreases tion polarizations, at the corresponding resonance. Note that
from \ /2 to N /4, the coupling increases and the transmis-the magnetic field is parallel to the observation plane in Fig.
sion through the waveguide falls to17.8 dB. For a shorter 10. For parallel illumination, a loop of magnetic field that
separation two resonances appéhr A /12, Fig. 8. connects both SRRs is establishigedg. 10a]. This pro-

To understand this phenomenon, a series of simulationguces a strong magnetic coupling between the two resona-
on interacting SRRs were carried out. Figure 9 shows theors. For the other polarization, no direct magnetic field cir-
SCS for two SRRs with spacing=A\/4, for two different  culation is established from one SRR to the other, the field
illumination polarizations. As for the individual SRR, the rather zig—zagging between the eleméfitig. 10b)].
parallel polarization gives the strongest resonance; its quality For both resonances, the field is strongly localized in
factor is Q=383. Interesting in that figure is the slightly space, over a volume much smaller than the corresponding
different resonance frequenciég observed for the two po- radiation wavelengtliFig. 10. The magnetic field enhance-
larizations: f,=0.989 GHz for parallel polarization anth  ment observed in Fig. 10 is in the order of 10000 for the
=0.991 GHz for perpendicular polarization. This indicatesintensity: the illumination plane wave has unit amplitude
electric field, which corresponds to a magnetic field ampli-
tude of 1/377=2.6x 10 3. The magnetic field illumination
intensity is therefore ¥ 10”8, while the maximum intensity
measured in Fig. 10 is 1G.

To analyze the additional resonance observed experi-
. mentally in Fig. 8 for short separation distanagscalcula-
tions of the SCS for two SRRs with varying spacitgvere
performed. These results are summarized in Fig. 11 where
T we report the quality facto® and the main resonance fre-
quencyf,, parameterized by the separation distadcéor
d=\/8...\. We can identify two regions in that plot: fat
=\/4..\ (insetin Fig. 1), the resonance frequency remains
around f;=0.989 GHz and the quality factor arour@

-5 F

s,, [dB]

oL Z: ;:mﬁz | = 200. For shorter separation distapc@ssuddenly explodes
~ and the resonance frequency shifts towards lower values
I 1 (Fig. 11). It is in this region that a second resonance appears
_25 L I I (Fig. 8.
0.850 0.875 0.500 0925 0.950 The transition between these two regions corresponds to

Frequency [GHz] the splitting of the main resonance into two resonances, as
FIG. 8. Scattering parametss; measured for two SRRs in a rdiig 6(a)], '”U_Strate_d in Fig. 12. These calcqlatlons show that for sepa-
for different separation distancels ration distancesd<<\/4, the main resonance is strongly
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(a) 90 1200 T T . . . . . T
| d=A/8
1000 | 4
800 A
E)
g0 o 600 .
N 4
400 d=M4
| d=Ar2
200 | , X i
0.988 0.989 0.990 i
-90
-125  -100 -75 -50 -25 50 0 L L : . : L L L L
x [mm] 0.980 0.982 0.984 0.986 0.988 0.990
I | ] f, [GHz]
-5 = -3 < FIG. 11. Quality factoQ and frequency, of the main resonance calculated
(b) 9% for two interacting SRRs, parameterized by the spaaingetween the
SRRs.

and it is possible that the glue used to stick the aluminum foil
on the substrate disturbs this resonance.

This enhanced resonance phenomenon as a function of
the separation distance is also in good agreement with data
on periodic SRRs array,where the coupling between SRRs
augments when the fractional cell volume occupied by the
resonant structures increases, i.e., when the spacing between
neighboring SRRs decreases.

When additional rows of SRRs are added along zhe
direction[Figs. 8b) and Gc)], the resonance frequenciés

z [mm)]
(=

9?125 -100 -75 -50 25 50 are shifted to lower values, as illustrated in Fig. 13 for two
X [mm] different separation distances The computed, values be-
I [ ' ] come then much closer to the experimental values. This is in
-5 < 3 B good agreement with the fact that in the experiment the

FIG. 10. Total magnetic field distribution calculated around two SRRs withwa\/eguide impligitly imposes periqdic boundary conditions,
spacingd=X\/4, at the resonance frequenty. Two different illuminaton SO that the physical system effectively measured represents
polarizations are consideret) Parallel polarizationf,=0.989 GHz) and  many rows of SRRs. Notice in Fig. 13 that the additional

(b) perpendicular polarizationf g=0.991 GHz). The distributions are com- frequency shift decreases when more SRR rows are added;
puted in anxy plane through the middle of the structureg=(0). The

grayscale represents the magnetic field intensity on a logarithmic scale and

the arrows give the instantaneous projection of the magnetic field orientation

on the observation plane. The black segments show the locations of the 2%10°  ————r .

SRRs. d=)/4

............... d=5)/24

ts]

shifted towards lower frequencies and an additional, broaderz
resonance, appears at a higher frequency. This effect is pa@ 6
ticularly visible for a very short separatigd=\/8, Fig. 12. < Ix10° -
The main resonance has the same magnetic field pattern as g
Fig. 10a and the second, higher frequency, resonance ha®
that of Fig. 1@b). Note also that the main resonance be-
comes extremely narrow, leading to a very large quality fac-
tor (Q=767 ford=A/6 andQ=1143 ford=\/8). . -
This resonance splitting is in good qualitative agreement 0 o SR S
with our experimental datécompare Figs. 8 and 12al- 0975 0980 0985 099 0995 1.000
though the very sharp lower frequency resonance is not well Frequency [Ghz]
resolved in the experimer{Fig. 8). Simulations show that FiG. 12. scattering cross sectiéBCS computed for two SRRs with small
this resonance is extremely sensitive to defects in the systegeparation distances[Fig. 6@)].
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FIG. 15. Scattering cross secti¢8CS computed for the configuration of

FIG. 13. Scattering cross secti¢g8CS computed for 1, 2, and 3 rows of "' - ? ]
Fig. 6(d), for different lateral separation distanoes

SRRs resonatorfFigs. §a)—6(c)]. Two different separation distances
have been selected; the inter-row spacing4s20 mm.

. _ o sponding resonances are shown in Fig. 15 as a function of
further simulations indicate that the resonance frequency athe lateral separation distance This resonance is not very
ready converges for about eight rows. The resonance widthtrong. In particular its quality factor only varies fro@

also broade_ns when addit_ional rows are introdugeg. 13. =110 (c=\/8) to Q=153 (c=\/3) and is always smaller
Correspondingly the quality factor decreas@s=397 (one  than the one associated with a single SRR=(210). When
row), Q=245 (two rows, andQ= 184 (three rows. the lateral separation distancelecreases the resonance fre-

The inter-row spacing also influences the resonances, quency shifts towards lower values, as was the case for the
as illustrated in Fig. 14 for two rows with two SRRs each. |ongitudinal separatioml. However, no resonance splitting
For small spacinge<30 mm, the resonance shifts towards occurs when the SRR are placed side by side, even for ex-
lower frequencies and becomes narrower. The quality factofremely small separatioa (Fig. 15.
increases accordinglyQ=212 (=60 mm), Q=220 (e
=30 mm), Q=243 (e=20 mm), Q=269 (e=15 mm), Q
=323 (e=10 mm). Short inter-row separation enhances the’. CONCLUSIONS
coupling between SRRs, which is in good agreement with s gjectromagnetic resonances in SRRs have been in-
previous results on infinite periodic arrays of SRRs or Cy”n'vestigated experimentally and numerically, at frequencies

; 1
drical structures: _ _ _ around 1 GHz. A good agreement was obtained between the
As last coupling mechanism we investigate two SRRS[WO
placed side by side, as illustrated in Figdp The corre- Our results indicate that the electromagnetic phenomena

that take place in such structures are quite subtle. For an
5 10° . . . . . . . . individual SRR,_ the ma_gnetic _effects are dominant,_ With

strong currents induced in the rings when the magnetic field
penetrates through the rings. Contrary to uninterrupted rings,
\ the electric field can also induce currents in a SRR. This
; effect is however about 10 times weaker than the magnetic
': one and strongly depends on the exact orientation of the
3 rings arms with respect to the illumination electric field.
! At the resonance, the magnetic field is strongly localized

1x10° . L ;
* in a very small volume at the vicinity of the SRR. Its inten-

sity is strongly enhanced, in the order of 10 80@he illu-

; mination magnetic field intensity.

A In a rectangular waveguide, a SRR acts as efficient filter

N \ element. This effect can be reinforced when several SRRs

AN are placed in a row along the propagation direction of the
= < S electromagnetic field. In that configuration, strong coupling

Sy WU ey

0.91 0.93 0.95 0.97 0.99 between neighboring SRRs occurs for small separation dis-
Frequency [GHz] tances. This coupling is associated with a magnetic field cir-
FIG. 14. Scattering cross secti¢8CS calculated for the configuration of culation that is established between nelghborlng elements.

Fig. 6(b), for different distances between the rows. The separation in a row This type of coupling, with SRRs aligned with the field
is d=\/4. propagation direction, appears to be the strongest one and

SCS [arb. units]
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