Appl. Phys. A (2007)
DOI: 10.1007/s00339-006-3837-0

y. L1}

N. FANG?

D. wu!

c. suN!

X. ZHANG ™

Applied Physics A

Materials Science & Processing

Symmetric and antisymmetric modes
of electromagnetic resonators

I NSF Nanoscale Science and Engineering Center (NSEC), 5130 Etcheverry Hall,
University of California, Berkeley, CA 94720-1740, USA

2 University of Illinois, Urbana-Champaign, Dept. of Mechanical & Industrial Engineering MC-244,
158 Mechanical Engineering Bldg. 1206 W. Green St., Urbana, IL 61801, USA

Received: 31 August 2006/Accepted: 15 November 2006
© Springer-Verlag 2007

ABSTRACT In this paper, we numerically study a new type of
infrared resonator structure, whose unit cell consists of paired
split-ring resonators (SRRs). At different resonant frequencies,
the magnetic dipoles induced from the two SRRs within one unit
cell can be parallel or antiparallel, which are defined as symmet-
ric and antisymmetic modes, respectively. Detailed simulation
indicates that the symmetric mode is due to magnetic coupling
to resonators, in which the effective permeability could be nega-
tive. However, the antisymmetric mode originating from strong
electric coupling may contribute to negative effective permit-
tivity. Our new electromagnetic resonators with pronounced
magnetic as well as electric responses could provide a new path-
way to design negative index materials (NIMs) in the optical
region.

PACS 78.20.Ci; 73.20.Mf; 42.25.Bs

1 Introduction

In 1968, Veselago theoretically proposed negative
index materials (NIMs) that have simultaneous negative per-
mittivity (¢) and negative permeability () [1]. It is found that
many fundamental electromagnetic phenomena, such as Snel-
I’s law, Cerenkov radiation and Doppler effect reverse when
NIMs are involved. However, natural materials do not pos-
sess negative refractive index, which impeded the research
progress on NIMs. Only until the early twenty-first century,
using metallic wires and split ring resonators (SRRs) to en-
gineer effective permittivity (eerr) and effective permeability
(mefr) respectively, have people been able to implement ar-
tificial NIMs and experimentally demonstrate the reversed
Snell’s law (i.e., negative refraction) [2]. Ever since then, ex-
plosive research interest in NIMs has been rekindled, and
rapid progress in this area has been achieved. For instance,
SRR, as the key building block for NIMs, have demonstrated
negative permeability from microwave up to telecommunica-
tion frequencies as SSRs are scaled down from millimeter to
nanometer size [3—5]. In addition to the fundamental research
significance, NIMs also have great application potentials. One
example is the so-called superlens, which can beat the diffrac-
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tion limit in conventional optics by enhancing evanescent
fields to establish sub-wavelength imaging resolution [6, 7].

So far, SRRs are the most common element to realize
negative permeability for constructing NIMs. From the view-
point of equivalent circuit, an SRR can be considered as
a RLC circuit with the natural resonant frequency given by
wy = +/1/LC, where L and C are the geometric inductance
and capacitance of the SRR structure, respectively [8]. Within
a certain frequency region centered at wy, the magnetic flux
threading through SRRs induces a strong circulating current,
resulting in an effective magnetic dipole. This induced mag-
netic dipole can respond in phase (i.e., uefr > 1) or out of
phase (i.e., pegr < 1) with respect to the external field. If the
strength of magnetic response is sufficiently strong, nega-
tive g can be achieved. Very recently, simplified magnetic
resonators have demonstrated negative i in the telecom-
munication and visible region [9, 10], although the working
principle still relies on the RLC resonance.

Inspired by the work of Nordlander et al. on the electric-
dipole interaction of two metallic nanoparticles [11], in this
paper we investigate a new type of electromagnetic resonators
working at infrared frequencies, whose unit cell consists of
paired ring resonators (PRRs). It is found that the induced
magnetic dipoles from the two ring-resonators within one unit
cell can be parallel or antiparallel, which are termed as sym-
metric and antisymmetic modes in the paper, respectively. De-
tailed simulations indicate that the two modes have different
physical mechanisms. The symmetric mode originates from
the magnetic coupling to the resonator, in which the effective
permeability could be negative. However, the antisymmetric
mode is due to strong electric coupling, which may contribute
to negative effective permittivity. In other words, PRRs pos-
sess both pronounced magnetic and electric responses. This
result provides deeper insights into traditional SRRs. More
importantly, it suggests that ring-type resonators could re-
place wire media to produce negative .. Therefore, we ex-
pect that NIMs may be created by combing two sets of elec-
tromagnetic resonators.

2 Simulation and discussion

Figure 1a illustrates the geometry of the paired-
ring resonators (PRRs), which comprise two horizontal C-
shaped SRRs in one unit cell. The lattice constant a = 600 nm,
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FIGURE 1

(a) The schematic of a paired-ring resonator (PRR), where the element dimension d = 500 nm, line width w = 80 nm, gap g = 50 nm, metal

(gold) thickness t = 50 nm and lattice constant @ = 600 nm. (b) and (c) show the surface currents of the first two eigenmodes of the PRR structure, which
resonate at 90.5 THz and 130.4 THz, respectively. In (b), surface currents induce two parallel magnetic dipoles as indicated by the blue arrows. This mode is
defined as the symmetric mode of PRRs, while in (c¢) surface currents induce two anti-parallel magnetic dipoles, corresponding to the antisymmetric mode of

PRRs

element dimension d = 500 nm, line width w = 80 nm, gap
g = 50 nm and metal (gold) thickness t = 50 nm. Using Mi-
crowave Studio by CST, a commercial electromagnetic solver
based on the finite difference time domain (FDTD) algorithm,
we first simulate the eigenmode of the resonator. Figure 1b
and c show the surface current density for the first two eigen-
modes at 90.5 THz and 130.4 THz, respectively. From the
circulation direction of surface currents, it is straightforward
to find that the induced magnetic dipole moments of the two
SRRs are parallel for the first eigenmode, while antiparallel

for the second one. We term the two cases as symmetric and
antisymmetric mode, respectively. In [11], the dimer-plasmon
resonance is studied. Due to the interaction of two electric
dipoles, the bonding (symmetric) and antibonding (antisym-
metric) mode can be formed for a dual-particle system. The
arising question is whether the symmetric and antisymmetric
modes of PRRs are attributed to magnetic-dipole interaction.
To reveal the physical origin of the symmetric and anti-
symmetric mode, S-parameter for a single unit is calculated
with open boundary conditions along the wave propagation,

efl
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FIGURE 2 Effective material prop-
erties of PRRs under different ex-
citation conditions. In (a) and (b),
both magnetic and electric fields can
couple to PRRs and induce reso-
nances. The first resonance around
83THz of PRRs originates from
the magnetic coupling, which is in-
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and electric and magnetic boundary conditions on the trans-
verse direction. Then effective material properties (i.e., &g
and pegr) can be extracted from the S-parameter [12]. Fig-
ure 2 plots the dispersion curves of e.g and piefr. It can be seen
that around 83 THz, p.f has a strong Drude—Lorentz reson-
ance behavior with the real part raging from 3.5 to —1. This
indicates that the first resonance results from a magnetic re-
sponse of PRRs. Interestingly, there is an anti-Drude—Lorentz
resonance in the g curve around 83 THz, although . never
reaches negative values. This electric anti-resonance is caused
by the bounded refractive index of the structure which pos-
sesses intrinsic finite periodicity [13]. Ataround 112 THz, ¢
has a clear Drude—Lorentz resonance with e dramatically
changing from 15 to—3.5. Accordingly, effective permeability
has an anti-resonance behavior.

The inset of Fig. 2a and b illustrates the equivalent circuit
for the magnetic resonance and electric resonance, respec-
tively, enabling us to have better understanding of the different
mechanisms for the two resonances. For the first magnetic res-
onance, the normal component of the magnetic field (H.) pen-
etrating a single unit cell induces currents circulating along
the whole structure. The resulting magnetic moment of each
sub-SRR oscillates in phase, which gives rise to the symmet-
ric mode. Electric fields (E) can also couple to the resonator
by capacitors (the vertical gap of each SRR), and drive cur-
rents to flow in opposite directions as illustrated the inset of
Fig. 2b. This is the origin of the antisymmetric mode, which
results from electric coupling.

In order to further verify the above analysis about the res-
onance mechanism, effective permeability and permittivity of
the structure is calculated under different excitation condi-
tions. For Fig. 2c and d, the external field propagates along the
y-axis, and the magnetic filed is normal to the PRRs (i.e., H
is along the z-axis). It is expected that the magnetic field can
still excite the resonator, which is confirmed by the Drude—
Lorentz resonance behavior near 83 THz in Fig. 2c. However,
since the electric field is parallel to the capacitor (vertical
gap) of SRRs, the electric field cannot couple to the resonator.

Therefore, there is no apparent electric resonance for frequen-
cies up to 150 THz (note the anti-resonance around 83 THz
in the dispersion curve of &g is an “antifact” due to the pe-
riodicity of the structure). For Fig. 2e and f, the wave vector
k is normal to PRRs. Obviously, there is no magnetic res-
onance since the magnetic field is completely parallel to the
PRRs plane; while the in-plane electric field can still couple
to the resonator to induce a strong electric resonance, giving
rise to negative g in a wide frequency region (from 107 THz
to 138 THz). From the systematic simulation on the effect-
ive properties of PRRs under different excitation conditions,
we can draw a conclusion that the magnetic field induced res-
onance of PRRs drives the surface current of two sub-SRRs
oscillating in phase, which leads to the symmetric mode of
PRRs; however, electric fields can couple to PRRs and induce
currents circulating along the two sub-SRRs out of phase,
which results in the anti-parallel magnetic dipoles (i.e., the
antisymmetric mode of PRRs).

A different infrared PRR, whose unit cell has two SRRs
sharing a middle arm with width [ as illustrated in Fig. 3a,
is also studied. Under the same excitation condition as that
of Fig. 2a and b, this PRR also possesses strong magnetic
and electric resonances. However, the electric resonance fre-
quency of PRRs (about 70 THz) is lower than the magnetic
resonance (about 115 THz), which can be seen in the e
(Fig. 3b) and e (Fig. 3c) curve. The inset of Fig. 3b and ¢
plot the surface current at the electric and magnetic resonance,
respectively. Once again, the electric resonance induces cur-
rents circulating out of phase in the two sub-SRRs, giving rise
to the antisymmetric mode as we discussed before. In contrast,
the magnetic resonance can produce two parallel magnetic
dipoles, which is the origin of the symmetric mode.

The width of the middle arm can strongly influence the
electric resonance, while it has less effect on the magnetic one.
This is because at the electric resonance, the induced currents
of each sub-SRR converge to the middle arm; however there
are almost no surface currents on the middle arm as the mag-
netic resonance takes place. Figure 4 plots the transmission

FIGURE 3 (a) Schematic of a different type of
PRR, in which two SRRs are sharing a middle
arm with width / = 80 nm. Other parameters are:

d =500nm, w =80nm, g =50nm, ¢ =50 nm
and lattice constant a = 600 nm. (b) and (c) are
frequency-dependent fiefr and e curves, re-
spectively, under the same excitation condition
as Fig. 2a and b. The first resonance is due to
the electric coupling, while the second one is
e magnetic-field induced resonance. The insets of
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(b) and (¢) show the surface currents for the mag-
netic and electric resonances, respectively, which
indicate that the magnetic resonance gives rise to
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the symmetric mode, while the electric resonance
produces the anti-symmetric mode



Applied Physics A — Materials Science & Processing

Transmission

1=120nm [

0.0

0 50 100 150 200

Frequency (THz)
FIGURE 4 Transmission spectra of PRRs for varied width of the middle
arm (see the schematic illustration in Fig. 3a) under the same excitation con-
dition as Fig. 3. The electric resonance (in the low-frequency region) is highly
dependent on /, while the magnetic resonance is insensitive to /

spectra as changing the width of the middle arm. As expected,
the magnetic resonance frequency has small shifts, neverthe-
less the electric resonance shifts to higher frequencies when
the width of the middle arm increases.

Based on the systematic simulation on two different PRRs,
it can be seen that PRRs have strong electric resonance in
addition to the magnetic one. Depending on the orientation
of the structure with respect to the external field, effect-
ive permittivity and (or) effective permeability can achieve
considerably negative value in the mid-infrared region. As
pointed out by [14], electromagnetic resonators with nega-
tive eefr have potential advantages over conventional metallic
wires in the future design of NIMs. Metallic wires are re-
quired to be continuous to obtain negative &, which is rather
challenging in three-dimensional (3D) NIMs. On the con-
trary, electromagnetic resonators can be considered as local
electric or magnetic particles. It is relatively easier to assem-
ble those particles to construct 3D NIMs. Our PRR structure
possesses both remarkable electric and magnetic resonances,
which provides a flexible element for the future metamaterial
design.

As discussed in the introduction, similar to two metallic
particles which can form bonding (symmetric mode) and an-
tibonding (anti-symmetric mode) due to electric-dipole (and
higher-order mode) coupling, we expect that when two SRRs
are placed together, two new modes will be established, com-
pletely originating from the magnetic dipole interaction. In
the PRR structure we studied in this paper, symmetric modes
and antisymmetric modes are observed. However, they are not
resulting from direct magnetic dipole interaction, but from
magnetic coupling and electric coupling of external fields to
the resonator, respectively. The reason is that when two SRRs

are horizontally positioned, the induced-dipoles are arranged
side by side, and therefore the interaction between neighbor-
ing magnetic dipoles is not strong enough to induce the energy
split. In the case that two SRRs are vertically arranged and
close to each other, the magnetic bonding and antibonding ef-
fects are expected.

3 Conclusion

We have studied paired ring resonators (PRRs),
whose unit cell consists of two horizontally-placed split ring
resonators (SRRs). It is found that the induced magnetic
dipoles from the two SRRs can orientate symmetrically or
antisymmetically. Detailed simulations under different exci-
tation conditions show that the symmetric and antisymmetric
modes have different physical mechanisms, which originates
from the magnetic coupling and electric coupling, respec-
tively. Our proposed electromagnetic resonators possess both
pronounced magnetic and electric responses, which provide
new building blocks for the design of negative index materials
in the optical region.
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