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Dual magnetic resonant modes at neighboring frequencies are induced in a split double-ring meta-
material, which contribute to a transparency window within a broad stopband. This resonance-based
window exhibits a favorable filtering performance due to its fast roll-off characteristic, and a considerable
sensitivity to refractive index changes of the surrounding medium.

© 2011 Elsevier B.V. All rights reserved.
1. Introduction

Various intriguing characteristics in electromagnetic metamate-
rials have been explored from the last decade, such as the negative
refraction [1], super-resolution imaging [2], invisibility [3], opti-
cal activity [4], surface plasmon amplification by stimulated emis-
sion of radiation (SPASER) [5–7], and the metamaterial analogue
of electromagnetically induced transparency (EIT) [8,9]. These in-
teresting electromagnetic behaviors are more or less resulted from
different resonant eigenmodes in particularly designed subwave-
length structures or from different hybridization states due to the
plasmon coupling between adjacent elements when they are as-
sembled into metamaterials. For instance, a metallic split ring res-
onator (SRR) [10,11], or a rod-pairing structure [12,13], can induce
the magnetic dipole response beyond the terahertz regime, for
which frequency range the magnetism cannot be found in any nat-
urally occurring materials.

In contrast to the symmetric resonant dip with a Lorentzian-
type lineshape in the transmission spectrum for the SRR, a bilay-
ered fishnet [1], symmetry-broken SRR [14], or a closed double-
ring structure [15], can offer an asymmetric transmission spectrum
in Fano-type lineshape, where a resonant dip is closely accom-
panied with a resonant peak in the transmission spectrum [16].
Usually, such an asymmetric resonant spectrum is related to ei-
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ther left-handed or EIT-like metamaterials, as well as contributes
to potential applications for sensing [17], filtering [18], and spasing
[19]. In the previous work of ours, a closed double-ring metamate-
rial was designed to investigate its antiparallel resonant magnetic-
dipole moments that results in a Fano-type transmission spectrum
and negative refraction phenomenon [15]. This interesting resonant
structure is isotropic within the ring plane, and the same reso-
nant mode can be excited both laterally and normally as long as
the incident electromagnetic wave is polarized with the electric
field component parallel to the ring plane [20,21]. Subsequently, a
variation and a complementary structure of the double-ring meta-
material were reported in Refs. [21] and [22], respectively. The
closed double-ring structure was also adopted to mimic the EIT-
like response by virtue of the identical resonant mode with an-
tiparallel magnetic dipole directions [23]. More recently, J. Kim
et al. proposed a concentric closed multi-ring metamaterial (also
called bull’s eye), as an extension of the double-ring structure, to
investigate the multi-peak EIT-like characteristic [24].

In this work, by splitting the double rings symmetrically with
respect to the polarized electric-field direction, an additional res-
onant mode with co-directional magnetic dipole moments can be
induced in a neighboring frequency regime regarding to the previ-
ously introduced resonant mode with antiparallel magnetic dipoles
[15]. It is found that these two neighboring magnetic resonant
modes in the split double-ring structure can modify the resonant
transmission spectrum in a very favorable manner, resulting in a
steep as well as a sensitive transparency window within a broad
stopband. Consequently, such a structured metamaterial composed
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Fig. 1. (Color online.) The schematic illustration for a unit cell of the split double-
ring metamaterial.

of split double rings can be considered for filtering, slowing down
light, and sensing applications in the microwave regime.

2. Numerical model

Fig. 1 shows schematically the split double-ring metamaterial,
which is geometrically different from a closed double-ring struc-
ture in those four splits introduced symmetrically along the x di-
rection. The squared-ring structure is composed by copper with
the edge length a = 3.0 mm, width b = 0.2 mm, and thickness
c = 0.02 mm. The split in the ring is s = 0.2 mm, and the gap be-
tween the outer and inner ring is g = 0.1 mm. In addition, stacking
periodicities are Px = 3.4 mm, P y = 3.0 mm, and P z = 4.0 mm.
Our numerical simulations were carried out by solving Maxwell’s
equations based on the finite element method [25,26]. The struc-
tural model is excited by a normally incident plane wave (i.e., the
incident wave vector propagates along the z direction). The po-
larized electric field is parallel to no-split ring edges (along the
x axis), while the magnetic field perpendicular to the ring plane
(along the y axis). Due to the structural symmetry, this incident
configuration can be numerically approximated by using perfect
electric and magnetic boundary conditions [20,25,26]. Note that
the structural scale selected in this simulation work leads to con-
cerned resonant modes in the microwave regime, in which fre-
quencies all resonant modes can exhibit themselves clearly due to
the neglectable metal loss.

3. Numerical results

Fig. 2(a) presents the transmission spectrum of the split double-
ring metamaterial. It is interesting to find that, within a broad
stopband ranging from about 20 GHz to 45 GHz, a narrow pass-
band with very steep cut-off profiles on both lower and upper
frequency regimes is obtained around 30 GHz. The fast lower-
frequency as well as upper-frequency roll-off performance for this
narrow transparency window indicates a great efficiency in re-
jecting electromagnetic waves with frequencies neighboring to the
passband. It should be noticed that the transmission spectrum
from the split double-ring metamaterial is different from those
of a closed double-ring structure [Fig. 2(b)] and a common SRR
[Fig. 2(c)]. Specifically speaking, only a Fano-type resonance can
be induced for the closed double-ring structure at around 30 GHz
(i.e., a resonant dip accompanied by an adjacent resonance peak).
In this case, only the lower-frequency roll-off behavior for the
Fano-type transmission peak is fast enough as compared with the
transparency window in Fig. 2(a). It should be emphasized that
this resonant mode has antiparallel magnetic dipoles in one unit
cell [15]. For the SRR, except that a same Fano-type resonance can
Fig. 2. (Color online.) Transmission comparison between the split double ring (a),
closed double ring (b), and a common SRR (c). The transparency window for the
split double-ring metamaterial at about 30 GHz shows a fast roll-off performance
for both lower-frequency and upper-frequency band edges.

be induced at about 32 GHz, an additional resonant transmission
dip is formed at 10 GHz, which is a fundamental magnetic-dipole
resonant mode with circulating current induced on the SRR sur-
face [10,11]. In contrast, the transmission spectrum around 30 GHz
is modified significantly for a split double-ring structure so that a
passband can be formed with a narrow bandwidth (tunable, shown
in the next) and a very fast roll-off performance in rejecting both
lower and upper frequencies, as specified earlier.

In order to investigate the underlying resonant mode for the
steep bandpass characteristic of the split double-ring structure,
Fig. 3 shows the induced resonant modes around 30 GHz in terms
of the surface current distribution and the magnetic field map.
It is interesting to find that dual magnetic resonant modes are
excited around the bandpass regime. The first one is the anti-
bonding magnetic resonance with antiparallel magnetic dipole mo-
ments between the left and the right gaps [Figs. 3(a) and (b)].
This is the same mode induced in the closed double-ring struc-
ture and the SRR. However, another magnetic resonant mode with
co-directional magnetic dipole moments for left and right gaps
[Figs. 3(c) and (d)] is particular for the split double-ring struc-
ture, which was not found in either the closed double-ring or the
SRR. This particular magnetic resonance exhibits circulating surface
current distribution for both the outer and inner ring, but with re-
versed circulating directions between each other. Thus, it is differ-
ent from the fundamental magnetic resonant mode in the SRR [10].
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Fig. 3. (Color online.) Dual magnetic resonant modes for the narrow bandpass
regime of the split double-ring structure, presented by excited surface current dis-
tributions and amplitude maps of y-component magnetic field. (a) and (b) Antipar-
allel magnetic dipoles are induced in left and right gaps (shown at 28.2 GHz). Note
the reversed amplitudes between left and right gaps. (c) and (d) Co-directional mag-
netic dipoles are induced in left and right gaps (shown at 30.8 GHz). Note that this
magnetic resonant mode confines an intensive magnetic field in the gaps, which
distinguishes itself from that of a common SRR.

We also confirm by numerical simulations that the antibonding
magnetic resonance (i.e., antiparallel magnetic dipole moments in
one unit cell) is located at lower frequencies of the transparency
window, while the bonding magnetic resonance (i.e., parallel mag-
netic dipole moments in one resonant unit, particular to the split
double-ring structure) happens at upper frequencies. Accordingly,
it is obvious that dual magnetic resonances are responsible for
the fast roll-off performance at both low-frequency and upper-
frequency band edges of the transparency window, similar to the
filtering behavior realized by the excitation of a trapped mode [27].
It is worth of mentioning that the transparency window presented
in Fig. 2(a) is only for the laterally incident configuration, it cannot
be found for a normally incident case because the particular mag-
netic resonance with parallel magnetic dipole moments, according
to our simulation results, can only be excited by the polarized
magnetic field of the incident electromagnetic wave.

Figs. 4(a) and (b) present the modification of the transparency
window by tuning structural parameters s and g . It is found that
the bandwidth for this transparency window can be extended with
the increase of both split and gap values, meanwhile the steep
cut-off profile is kept as well for both lower and upper bandpass
edges. Notice that the transmission intensity for the passband will
be suppressed gradually with the decreasing of the transparency
bandwidth. Nevertheless, a large signal to noise ratio can always be
expected for different bandwidths, no matter it is wide or narrow,
attributed to these two resonant dips at lower and upper passband
edges, respectively.

In addition to the favorable bandpass-filtering characteristic
with a very steep roll-off performance, for which the bandwidth
can be considerably modulated from a narrow to a broad one by
modifying structural parameters, the transparency window is also
promising for the sensing purpose in detecting refractive index
changes of the surrounding medium, since it is inherently resulted
from plasmon resonances that confine strong electromagnetic field
in the gap of metal elements [17,28,29]. Figs. 5(a) and (b) present
the wavelength shift of a narrow transparency window in depen-
dence of refractive index changes of the surrounding medium. It
is found that the calculated sensitivity, defined as the resonance
wavelength shift per refractive index unit (RIU), can reach a value
as much as 10.5 mm/RIU. The well-kept transparency windows
Fig. 4. (Color online.) The geometric dependence of the transparency window.
(a) Dependence on the split s. (b) Dependence on the gap g .

Fig. 5. (Color online.) Sensitivity of the narrow transparency window to refractive
index changes of the surrounding medium, with arrows indicating peak locations
of the shifted transparency window. (a) Transmission spectra at different refractive
indices of the surroundings. (b) Wavelength shift in dependence on the refractive
index of the surroundings.

under different refractive index of the surroundings, as shown in
Fig. 5(a), manifest a reliable sensing performance for this split
double-ring structure.

Last but not least, transparency window in EIT-based meta-
materials has a major application potential in slowing down the
electromagnetic propagation due to the Fano resonance [8,9,30–
33]. It is expected that a large group index can be obtained from
the split double-ring metamaterial, since its transparency window
caused by the dual magnetic resonances exhibits the characteris-
tic of Fano-type lineshape [see Fig. 2]. According the calculation
results shown in Fig. 6, the group index can reach a maximum
value about 40 for a narrow transparency peak at s = 0.2 mm and
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Fig. 6. (Color online.) Group index of the EIT-like transparency window for the split
double-ring metamaterial.

g = 0.02 mm. In contrast, two group index peaks can be found
corresponding to the slightly separated dual magnetic resonances
at a larger gap g = 0.2 mm. It should be noted that negative group
indices are found in the pure electric resonance regimes. This is
attributed to so-called superluminal wave propagation [34], exper-
imentally also observed in atomic EIT systems [35,36].

4. Summary and conclusion

By introducing symmetric splits in the otherwise closed double-
ring structure, a transparency window can be obtained within a
broad stopband due to dual magnetic resonant modes excited in
the neighboring frequency regime. The significant roll-off perfor-
mance for the transparency window indicates a great potential
in filtering applications. By modifying geometric scales such as
the split s and the gap g , a narrow bandwidth for the trans-
parency window, instead of a wide one, can be obtained with
a great capability in sensing refractive index changes of the sur-
rounding medium. Additionally, the resonant group index for the
transparency window is also presented for the major application
potential on slowing down light, which is a commonly concerned
EIT-based phenomenon in Fano-resonance metamaterials. It should
be mentioned that the occurrence of a fast roll-off transparency
window not only depends on the double-ring scales, but also it
depends on the array intervals. This implies the importance of the
ordered arrangement or fabrication perfections on getting the sig-
nificant roll-off characteristic.

Acknowledgements

This work was supported by the National Natural Science Foun-
dation of China (Nos. 10874081, 10904012, and 60990320), the Re-
search Fund for the Doctoral Program of Higher Education of China
(No. 20090092120031), and the National Science Foundation of
Jiangsu Province of China (Grant No. BK2010421). W.B. Lu also ac-
knowledges the New Century Training Programme Foundation for
the Talents by the State Education Commission (No. NCET080107)
and the Key Project of Chinese Ministry of Education (No. 109074).

References

[1] S. Zhang, W. Fan, K.J. Malloy, S.R.J. Brueck, N.C. Panoiu, R.M. Osgood, Opt. Ex-
press 13 (2005) 4922.

[2] X. Zhang, Z. Liu, Nat. Materials 7 (2008) 435.
[3] J.B. Pendry, D. Schurig, D.R. Smith, Science 312 (2006) 1780.
[4] H. Liu, D.A. Genov, D.M. Wu, Y.M. Liu, Z.W. Liu, C. Sun, S.N. Zhu, X. Zhang, Phys.

Rev. B 76 (2007) 073101.
[5] D.J. Bergman, M.I. Stockman, Phys. Rev. Lett. 90 (2003) 027402.
[6] N.I. Zheludev, S.L. Prosvirnin, N. Papasimakis, V.A. Fedotov, Nat. Photonics 2

(2008) 351.
[7] M.A. Noginov, G. Zhu, M. Mayy, B.A. Ritzo, N. Noginova, V.A. Podolskiy, Phys.

Rev. Lett. 101 (2008) 226806.
[8] S. Zhang, D.A. Genov, Y. Wang, M. Liu, X. Zhang, Phys. Rev. Lett. 101 (2008)

047401.
[9] N. Liu, L. Langguth, T. Weiss, J. Kastel, M. Fleischhauer, T. Pfau, H. Giessen, Na-

ture Mater. 8 (2009) 758.
[10] J.B. Pendry, A.J. Holden, D.J. Robbins, W.J. Stewart, IEEE Trans. Microwave The-

ory Tech. 47 (1999) 2075.
[11] C.M. Soukoulis, T. Koschny, J. Zhou, M. Kafesaki, E.N. Economou, Phys. Stat. Sol.

(b) 244 (2007) 1181.
[12] G. Dolling, C. Enkrich, M. Wegener, J.F. Zhou, C.M. Soukoulis, S. Linden, Opt.

Lett. 30 (2005) 3198.
[13] V.M. Shalaev, Nat. Photonics 1 (2007) 41.
[14] V.A. Fedotov, M. Rose, S.L. Prosvirnin, N. Papasimakis, N.I. Zheludev, Phys. Rev.

Lett. 99 (2007) 147401.
[15] Z.-G. Dong, M.X. Xu, S.Y. Lei, H. Liu, T. Li, F.M. Wang, S.N. Zhu, Appl. Phys.

Lett. 92 (2008) 064101.
[16] A.E. Miroshnichenko, S. Flach, Y.S. Kivshar, Rev. Modern Phys. 82 (2010) 2257.
[17] N. Liu, T. Weiss, M. Mesch, L. Langguth, U. Eigenthaler, M. Hirscher, C. Sonnich-

sen, H. Giessen, Nano Lett. 10 (2010) 1103.
[18] L. Zhou, A.W. Poon, Opt. Lett. 32 (2007) 781.
[19] N.I. Zheludev, S.L. Prosvirnin, N. Papasimakis, V.A. Fedotov, Nat. Photonics 2

(2008) 351.
[20] P. Ding, E.J. Liang, L. Zhang, Q. Zhou, Y.X. Yuan, Phys. Rev. E 79 (2009) 016604.
[21] Z.-G. Dong, M.-X. Xu, H. Liu, T. Li, S.-N. Zhu, Phys. Rev. E 78 (2008) 066612.
[22] W.B. Lu, Z.F. Ji, Z.G. Dong, X.W. Ping, T.J. Cui, J. Appl. Phys. 108 (2010) 033717.
[23] N. Papasimakis, Y.H. Fu, V.A. Fedotov, S.L. Prosvirnin, D.P. Tsai, N.I. Zheludev,

Appl. Phys. Lett. 94 (2009) 211902.
[24] J. Kim, R. Soref, W.R. Buchwald, Opt. Express 18 (2010) 17997.
[25] Z.-G. Dong, H. Liu, T. Li, Z.-H. Zhu, S.-M. Wang, J.-X. Cao, S.-N. Zhu, X. Zhang,

Appl. Phys. Lett. 96 (2010) 044104.
[26] F.M. Wang, H. Liu, T. Li, Z.G. Dong, S.N. Zhu, X. Zhang, Phys. Rev. E 75 (2007)

016604.
[27] O. Paul, R. Beigang, M. Rahm, Opt. Express 17 (2009) 18590.
[28] H.-J. Lee, J.-G. Yook, Appl. Phys. Lett. 92 (2008) 254103.
[29] E. Cubukcu, S. Zhang, Y.-S. Park, G. Bartal, X. Zhang, Appl. Phys. Lett. 95 (2009)

043113.
[30] N. Papasimakis, V.A. Fedotov, N.I. Zheludev, S.L. Prosvirnin, Phys. Rev. Lett. 101

(2008) 253903.
[31] V. Yannopapas, E. Paspalakis, N.V. Vitanov, Phys. Rev. B 80 (2009) 035104.
[32] P. Tassin, L. Zhang, T. Koschny, E.N. Economou, C.M. Soukoulis, Phys. Rev.

Lett. 102 (2009) 053901.
[33] S.-Y. Chiam, R. Singh, C. Rockstuhl, F. Lederer, W. Zhang, A.A. Bettiol, Phys. Rev.

B 80 (2009) 153103.
[34] V. Yannopapas, Opt. Commun. 282 (2009) 4152.
[35] L.J. Wang, A. Kuzmich, A. Dogariu, Nature 406 (2000) 277.
[36] A. Dogariu, A. Kuzmich, L.J. Wang, Phys. Rev. A 63 (2001) 053806.


	Fast roll-off and sensitivity of a transparency window with dual magnetic resonant modes from a split double-ring metamaterial
	Introduction
	Numerical model
	Numerical results
	Summary and conclusion
	Acknowledgements
	References


