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Abstract
The influence of dielectric layers on the hybridization of
stacked split-ring resonators (SRRs), or SRR dimers, is in-
vestigated in this article. It is found that when the permit-
tivity of the layer between the two SRRs is higher than that
of free space, the electric dipole-dipole interaction plays a
dominant role in determining the modes of resonance. On
the other hand, for the case of a free-space intermediate
layer, the resonance modes are mainly determined by the
magnetic dipole interaction. As a consequence, this near-
field effect exerts a great impact on the far-field characteris-
tics, i.e., the resonance behavior and chiral optical activity.
A Lagrangian formalism is used to characterize the inter-
play between the magnetic and electric couplings. The re-
sults suggest an additional degree of freedom to control the
behavior of this fundamental metamaterial element.

1. Introduction
Metamaterials are defined as a group of man-made mate-
rials with customizable electromagnetic properties. Typ-
ically, a metamaterial consists of subwavelength metallic
resonators usually aligned in a 2D or 3D periodic arrange-
ment. The response of metamaterials is controlled by the
geometries, dimensions, and materials of these resonators.
In addition to that, near-field interactions between neigh-
boring resonators also have significant effects on the re-
sponse of metamaterials. The hybridization in metamateri-
als introduced by intercell couplings leads to new phenom-
ena, including multiple or continuum modes of resonance
[1, 2].

This hybridization has been observed in a ‘magnetic
dimer’ that is composed of two stacked SRRs with their
gaps orthogonally aligned [3]. Although only one ring is di-
rectly excited, the other ring establishes an oscillating cur-
rent via the magnetic coupling between the resonators. Ef-
fectively, the SRR hybridization causes resonance splitting
and a strong chiral optical activity. The concept of mag-
netic dimer has been extended to the case where the second
ring can be freely twisted around its axis [4, 5]. This con-
figuration, known as stereometamaterial, allows the electric
dipole coupling to support or counteract the magnetic cou-
pling depending on the twist angle. The optical activity
arising from this chiral metamaterial can be fully charac-
terized through the Jones calculus employing a Lagrange
model with phase retardation [6].
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Figure 1: Schematic of SRR dimers. (a) Orientation of two
resonators in perspective view. (b) Back-to-back configu-
ration in side view. (c) Front-to-front configuration in side
view. The twist angle ! can vary from 0! to 180!. The sub-
strate thickness, t, and separation between SRRs, s, are 1.6
and 3.2 mm, respectively.

In this article, the influence of the supporting dielec-
tric on stereometamaterials or SRR dimers is investigated
in detail. Changing the permittivity of the dielectric in the
vicinity of the dimers affects the local distribution of the
induced electric field. Implicitly, the hybridization or near-
field interactions in the dimers can be manipulated. The
effects are manifested through a change in the resonance
mode, strength, and position. Consequently, the state of
polarization is greatly affected. Although the effect of the
dielectric on SRR dimers has been mentioned briefly in [5],
in contrast to this study, it does not focus on a difference
in physical interactions nor discusses a difference in chiral
optical properties.

The study begins with an observation on the hybridiza-
tion effect under the influence of dielectric in Sec 2. Sec-
tion 3 presents an analysis of the results through a dipole
interaction model, together with a Lagrangian formalism.
Section 4 demonstrates the impact of the supporting dielec-
tric on the chiral optical activity of SRR dimers.

2. Observation of the hybridization effect
An individual SRR in a dimer used in the experiment has
an inner radius, outer radius, and gap width of 2.5, 3.0, and
1.0 mm, respectively. Each SRR is made of copper with a
thickness of 0.035 mm. It is printed on an FR4 substrate
with a relative permittivity of 4.1, a loss tangent of 0.02,
and a thickness of 1.6 mm. As illustrated in Fig. 1(a), a
SRR dimer is formed by stacking coaxially two identical
SRRs with a separation of 3.2 mm. The second SRR in
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Figure 2: Transmission profiles of SRR dimers. (a) Back-
to-back configuration. (b) Front-to-front configuration. The
twist angle varies from 0!, 90!, to 180!. The dotted lines
are from the simulation, and the solid lines are from the ex-
periment. Two modes of resonance, symmetric and asym-
metric, are denoted by ‘S’ and ‘A’, respectively.

a dimer can be twisted with respect to the first SRR. Two
different forms of stacking are investigated as indicated in
Figs. 1(b,c). In the back-to-back configuration, the sub-
strates fill the space between the two SRRs, and in the front-
to-front configuration the dielectric in-between the SRRs is
free space. Periodic duplications of a dimer form a planar
array with a lattice constant of 20 mm.

The measurement is performed in an anechoic cham-
ber with transmitting and receiving microwave horn anten-
nas that are connected to a vector network analyzer, Agi-
lent Technologies N5230A. As indicated in Fig. 1(a), the
E-field polarization is always perpendicular to the gap of
the SRR on the side of incidence. The measured sample
transmission is normalized by the free-space transmission
to remove any system dependence. As a complement, the
simulation is performed by using CST Microwave Studio
and cross-validated with HFSS. To replicate an infinite pla-
nar array of dimers, unit-cell boundary conditions are uti-
lized for the transverse boundaries. A plane wave incident
normally to the array is transmitted and received by two
Floquet ports.

The numerical and experimental results compared in
Fig. 2 are in good agreement. Note that in the simulation
for the front-to-front configuration the separation s is in-
creased to 4 mm to reflect the experimental inaccuracy. In
both of the configurations, the transmission profiles clearly
show resonance splitting as the twist angle varies from 0!
to 180!. The different modes of resonance labelled ‘S’ and
‘A’ in Fig. 2 are deduced from the simulated surface current
distribution on the dimer. For the symmetric (S) and asym-
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Figure 3: Instantaneous surface current and dipole mo-
ments. The twist angle equals 0!, 90!, and 180! in (a,d),
(b,e), and (c,f), respectively. The resonance mode is sym-
metric in (a,b,c) and asymmetric in (d,e,f). The surface cur-
rent density, electric and magnetic moment are represented
by J{1,2}, p{1,2}, and m{1,2}, respectively. The effect of
dipole interactions on the resonance frequency is indicated.

metric (A) modes, the current loops in the two rings are
parallel and anti-parallel, respectively. The back-to-back
configuration shows relative resonance strengths and mode
orientation similar to that observed earlier [4]. However,
the relative strengths and orientation are different for the
front-to-front configuration, particularly at the twist angle
of 0!.

3. Analysis
3.1. Dipole-dipole interaction model

The hybridization effect observed in the previous section
can be explained via a dipole-dipole interaction model [4].
Essentially, an excited SRR develops an electric dipole
across the gap and a magnetic dipole in the axial direction.
Two identical SRRs aligned coaxially as in a SRR dimer
mutually interact through these dipoles, leading to reso-
nance splitting. A resonance frequency is governed by the
relative orientation of dipoles and their moments. Specifi-
cally, a pair of transversely coupled dipoles with their mo-
ments in parallel and anti-parallel tends to shift the reso-
nance up and down, respectively, whilst a pair of longitu-
dinally coupled dipoles behalves vice versa. The net ef-
fect takes into account the separated electric and magnetic
dipole interactions. For a SRR dimer, the alignment of the
two magnetic dipoles is longitudinal, whilst that of the two
electric dipoles is transversal.

Figure 3 illustrates the model current and elec-
tric/magnetic moments in the SRR dimer. At the twist an-
gle of 0!, for the symmetric mode in Fig. 3(a) the electric
dipole interaction tends to shift up the resonance, whilst the
magnetic interaction acts oppositely. The situation reverses
for the asymmetric mode in Fig. 3(d). Therefore, from the
results in Fig. 2 at the angle of 0!, it can be deduced that
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for the back-to-back configuration, the electric dipole in-
teraction determines the resonance modes, whilst for the
front-to-front configuration the magnetic dipole interaction
assumes the role. This is supported by the fact that the
electric field tends to couple into a dielectric with a high
permittivity. Figures 3(b,e) show that at the angle of 90!
the two electric dipoles are aligned orthogonally. The hy-
bridization is therefore solely determined by the magnetic
coupling. Hence, the modes are not influenced by the di-
electric layers. This explains the similarity of the mode ori-
entation in the two configurations at 90! in Fig. 2.

In Figs. 3(c,f), at the twist angle of 180!, the effects
from electric and magnetic dipole interactions become con-
structive. In this case, the resonance frequency is always
decreased and increased for the symmetric and asymmet-
ric modes, respectively. The reinforcing electric and mag-
netic coupling effects cause a large resonance separation
observed in both of the configurations at 180! in Fig. 2.
A smaller separation for the front-to-front configuration is
attributed to a weak electric dipole coupling through free
space. As for the resonance strength, parallel dipole mo-
ments are preferentially coupled to the excitation field. This
explains the relatively strong resonance observable in the
symmetric mode at 0! and asymmetric mode at 180!.

It is clear that the interplay between the electric and
magnetic interactions, and hence the mode orientation and
resonance strength, can be controlled by changing the per-
mittivity of the supporting dielectric. In particular, the pres-
ence of the intermediate dielectric layer in the back-to-back
configuration reinforces the electric coupling between the
two SRRs. On the other hand, a low permittivity of interme-
diate free space and a high permittivity of the backing sub-
strates in the front-to-front configuration weaken the trans-
verse electric dipole coupling to the point that the magnetic
coupling becomes dominant.

3.2. Lagrangian formalism

The near-field interactions within the SRR dimer can be
quantitatively characterized on the basis of a quasistatic ap-
proximation [7]. According to the Lagrangian formalism,
the frequencies for the symmetric and asymmetric reso-
nances in a SRR dimer are described as, respectively, [4, 5]

"s = "0

!
1 + #E
1 + #H

(1)

"as = "0

!
1! #E
1! #H

, (2)

where #E = #E0 cos ! and #H represent the electric and
magnetic coupling coefficients, respectively. The reso-
nance frequency of the uncoupled SRR is represented by
"0, which is slightly different for the two configurations
due to a difference in the substrate thickness, i.e., "0,b2b =
5.49 GHz and "0,f2f = 5.65 GHz. The cosine term for #E
reflects a change in the electric dipolar coupling strength
following the twist angle. This model does not consider
the effects from inter-dimer coupling or multipole interac-
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Figure 4: Resonance frequencies of SRR dimers as a func-
tion of the twist angle. (a) Back-to-back configuration, and
(b) Front-to-front configuration. The numerical results are
represented by the markers, and the analytical fittings by
the lines.
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Figure 5: Coupling coefficients as a function of the twist
angle. The coefficients are obtained by fitting the numer-
ical results in Fig. 4 with Eq. 1. The subscriptions b2b
and f2f denote the back-to-back and front-to-front configu-
ration, respectively.

tions. Such a consideration is not critical, since the neigh-
bour coupling changes the response only slightly [8] and the
multipole effect is not observed in the transmission results
[5].

Figure 4 shows the resonance frequencies obtained
from simulation as a function of the twist angle. The ac-
companying analytical curves are obtained by fitting Eq. 1
to the numerical data. The electric coupling coefficients
#E0, i.e., #E at 0! twist angle, are estimated as 0.120
for the back-to-back configuration and 0.038 for the front-
to-front configuration. The magnetic coupling coefficient
#H = 0.097 is fixed regardless of the dielectric arrange-
ment. It is clear that the electric coupling coefficient can be
varied greatly by changing the dielectric permittivity.

Figure 5 further elucidates the variation in the near-field
coupling coefficients with respect to the twist angle and the
dielectric configuration. It shows that the electric coupling
strength in the back-to-back configuration is larger than the
magnetic coupling strength at a small twist angle. At 36!
the electric and magnetic coupling strengths are equal, re-
sulting in a mode crossing observable in Fig. 4. This cross-
ing is not observed in the front-to-front configuration, as
its absolute electric coupling coefficient is well below the

3



!40

0

40

1

20

frequency (GHz)
4 5 6 7

frequency (GHz)
4 5 6 7

(c) (d)

 

 

 

 

 

 

 0

0

50

100

150

0

50

100

150

tw
is

t 
an

g
le

 (
º)

tw
is

t 
an

g
le

 (
º)

frequency (GHz)
4 5 6 7

frequency (GHz)
4 5 6 7

  
(a) (b)

Figure 6: Polarization characteristics as a function of the
frequency and twist angle. (a,b) Tilt angle, and (c,d) Axial
ratio. The left column belongs to the back-to-back configu-
ration, whilst the right column belongs to the front-to-front
configuration. The tilt angle is with respect to the incident
electric field polarization and with the positive sign in the
clockwise direction. The axial ratio is capped at 20 for clar-
ity.

magnetic coefficient at any angle.

4. Chiral optical activity
Since a SRR dimer with a twist angle not equal to 0! or
180! is chiral, it can exhibit a degree of optical activity,
i.e., the structure imparts polarization rotation and phase
retardation to the incident wave. In summary, the incident
wave with an electric field polarized across the gap of the
first SRR induces the oscillating current, which builds up a
magnetic dipole along the axis of that SRR. The accumu-
lated energy can be transferred to the second coaxial SRR
through the near-field coupling mechanisms discussed ear-
lier. As a result, the second SRR develops its own elec-
tric dipole source with a polarization different from the in-
cident field polarization. Thus, in effect, this hybridized
SRR dimer can change the polarization state of the incident
wave. This section compares the optical activities of SRR
dimers in the two configurations.

The polarization characteristics exhibited by the SRR
dimer with the back-to-back and front-to-front configura-
tions are shown in Fig. 6. In general, the resonance mode
and twist angle in either configuration have a strong im-
pact on the polarization state of the transmitted wave. Fig-
ure 6 further provides an overview of the influence of di-
electric layers on the polarization behaviors. It is obvious
that the tilt angle and axial ratio for the two configurations
are significantly different, particularly below the twist an-
gle of 90!. As an example, the polarization ellipses at a set
of frequencies and twist angles are compared in Fig. 7. In
Fig. 7(a) the electric dipoles dominate the near-field activ-
ity in the back-to-back configuration, and the transmitted
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Figure 7: Comparison of polarization ellipses in two dif-
ferent SRR dimers. The polarizations are observed at the
frequency and twist angle of (a) 5.44 GHz and 40! and (b)
5.93 GHz and 130!, respectively. The electric field vector
shows the incident polarization.

wave is nearly circularly polarized. Reducing the influence
of electric dipoles changes the polarization to ellipse with
an inverse rotation direction. In the second case in Fig. 7(b),
the transmitted wave can be altered between the linear and
elliptical polarizations via a change in the dielectric. Note
that the direction of polarization rotation in a SRR dimer
can be reversed in its mirrored structure.

5. Conclusion
In conclusion, the permittivity of neighboring dielectric
layers has a strong impact on the hybridization in a SRR
dimer. A high-permittivity dielectric mediating the dimer
strengthens the electric near-field interaction. In effect, this
electric dipolar interaction is mainly responsible for the res-
onance splitting and determines the modes of resonance.
As the intermediate dielectric is replaced by free space, the
strength of the magnetic interaction surpasses that of the
electric interaction. Hence, the modes of resonance are gov-
erned by magnetic dipoles. A quantitative analysis carried
out via the Lagrangian formalism confirms this explana-
tion. This controllable near-field behavior is shown to have
a large impact on the far-field polarization activity. An im-
plication of this study is the ability to actively manipulate
the response of SRR dimers or other chiral metamaterials
for optical devices. It shifts away from SRR twisting by of-
fering an opportunity to optically or electrically control the
dielectric.
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