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Dynamically configurable hybridization of
plasmon modes in nanoring dimer arrays†
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We present a novel strategy capable of dynamically configuring the plasmon-induced transparency (PIT)

effect with a polarization-dependent controllability based on a nanoring dimer array. The controllable

coupling strength between the superradiant and subradiant modes is due to the polarization-dependent

field distributions. It is shown that this dynamically controlled PIT is realized with a modulation depth as

high as 95%, and a linear dependence of the coupling strength on polarization angle is deduced using a

coupled-oscillator model. We believe that our results will inspire further exciting achievements that utilize

various polarization states of the electromagnetic wave and pave a way towards applications using PIT

with dynamic controllability such as slow light, optical nonlinearities and chemical/bio-sensing.

Introduction

Fano resonance, which results from hybridizing a broadband
superradiant and a narrowband subradiant mode,1,2 has
drawn great interest due to its versatility in near-field control3,4

and far-field response.5 A myriad of applications of Fano reso-
nance have been explored such as sensing,6,7 plasmonic trap-
ping,8 and nonlinear optical effect enhancement.9,10 As a
special case, the plasmon-induced transparency (PIT) resulting
from the coupling of two slightly detuned modes has been
demonstrated by stacking a metallic nanorod, providing a
broadband mode on a pair of metallic nanowires, acting as a
narrowband mode, either horizontally or vertically.11,12

However, due to the anisotropic electromagnetic response of
the building blocks, previous demonstrations have lacked
dynamical controllability because the coupling between two
resonances is dependent on their relative separation, which is

fixed for a given design. It is thus challenging to achieve dyna-
mically controlled transparency with the existing designs.

Here, we would like to emphasize that the essence of coup-
ling lies on the spatial overlap of the field distributions, rather
than merely the physical separation of the structures. Usually,
the overlap area is enlarged by moving two structures towards
each other. If this overlap area can be controlled with an
alternative approach, the coupling strength can also be con-
trolled. As one potential candidate, polarization is capable of
rotating the corresponding field nodes of the respective modes
so as to tune their coupling efficiency. However, there has not
yet been a thorough investigation on the dynamic control of
the PIT effect by tuning polarization, although polarization
has been applied to dynamically engineer resonant modes for
different applications such as plasmonic trapping and rotat-
ing.13 In particular, more polarization states have been realized
such as radially and azimuthally polarized states. Therefore, it
is of realistic significance to study the influence of polarization
states on the resonant response of a system.

In this work, we propose a novel strategy to achieve dynami-
cally controlled hybridization based on a dissimilar nanoring
dimer.14–16 As a demonstration, a polarization-controlled PIT
effect is investigated both numerically and experimentally. By
rotating the polarization of incident light, the entire system
can convert from opaque to transparent and vice versa, with a
modulation depth as high as 95%. Furthermore, it is found
that the coupling strength is approximately linearly pro-
portional to the polarization angle, which opens up a novel
mechanism for controlling mode interaction. Our proposed
scheme expands the current understanding of mode coupling,
which will inspire promising applications for nanoplasmonic
devices with polarization-enabled controllability.
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Results and discussion

The unit cell of the proposed design consists of two dissimilar
nanorings separated by a small gap, as shown in Fig. 1a. A
representative SEM image of the fabricated sample is taken at
a tilted angle of 45°, as shown in Fig. 1b. The dimensions of
the two nanorings were chosen carefully so that the resonances
of the superradiant dipolar mode of the left nanoring and the
subradiant quadrupolar mode of the right nanoring are closely
aligned in frequency. As a reference, when there is only one
left nanoring, a transmission dip in the first row in Fig. 1c
arises from the strong absorption caused by exciting the super-
radiant mode, which is shown by the dipolar field distribution
in the first row of Fig. 1d.

When a second nanoring supporting the superradiant
mode is introduced at a separation of 10 nm, the change in
transmittance is negligible when the polarization angle is per-
pendicular to the x-axis, i.e. φ = 90°, as shown in the second
row of Fig. 1c. In this case, the quadrupolar mode cannot be
excited by far field or by near field. The former can be attribu-
ted to the lack of a net dipole moment under normal inci-
dence. On the other hand, the latter is due to the fact that the
antinodes of the dipolar field are far away from the antinodes

of the quadrupolar mode, as shown in the second row of
Fig. 1d. As a result, negligible coupling exists between them
and no perceivable difference in the field distributions was
found. When the polarization is rotated in a clockwise
manner, one antinode of the dipolar field gradually
approaches the quadrupolar field antinodes. Their coupling
strength increases, resulting from their energy exchange. With
this exchange, partially destructive interference between the
two pathways exciting the superradiant mode weakens the
coupling of incident energy into the system and leads to an
increase in transmission, while the electric field starts to distri-
bute around the right nanoring. When the electric field is
polarized along the x-axis, i.e. φ = 0°, the field antinodes are
aligned to achieve the maximum coupling strength. This
effect, in turn, maximizes the destructive interference, and the
entire system becomes transparent with a transmittance of
0.72, which is considerably higher than the transmittance of
0.036 supported when φ = 90°. Simultaneously, the electric
field is mainly confined around the right nanoring, resulting
in a quadrupolar distribution, while the dipolar field distri-
bution of the left nanoring disappears, which leads to an
inefficient absorption of the incident optical field and thus a
high transmittance. The resultant modulation depth, defined
as |(Ton − Toff )/Ton| × 100%, reaches as high as 95%, where Ton
and Toff represent the transmittance with the maximized PIT
and without PIT effect, respectively. It should be pointed that
the field distributions of the dipolar and quadrupolar modes
of the nanorings possess C2 and C4 symmetry, respectively.
The field distribution of the quadrupolar mode remains the
same under polarization at both φ = 90° and φ = 0°. All the
spectrum changes caused by polarization rotation arise from
the rotation of dipolar mode, which is different from coupling
between two dipolar modes.

The coupling strength between two superradiant modes
using two identical nanoring dimers can be controlled by
varying their separation distance, as discussed in the litera-
ture.17,18 However, to the best of our knowledge, the specific
mode coupling controlled by polarization has yet to be dis-
cussed in the context of the interactions between the super-
radiant and the subradiant modes. Here, a small nanoring is
chosen to support a superradiant mode with a resonance fre-
quency of 285.4 THz. The full-width at half-maximum (FWHM)
is 26.1 THz, as obtained by fitting the transmittance spectrum
with a Lorentzian function. The transmission dip will flip over
as a peak when a larger nanoring supporting subradiant mode
is placed on its right side. The difference in the dip and peak
positions could be attributed to the slight mismatch between
the resonance frequencies of two modes, which coincide with
each other as d2 reaches 300 nm, as shown in Fig. 2a.

The strong coupling between the superradiant and subra-
diant modes can be understood with a typical three-level
system, as shown in Fig. 2b.12,19,20 |0〉 represents the ground
state; |1〉 and |2〉 are the excited states, which represent the
superradiant mode and subradiant mode, respectively. The field
distributions of the Ez component shown in Fig. 2b and c are
plotted at a plane 2 nm above the structure surface, indicating

Fig. 1 (a) Schematic of the proposed structure. (b) Angled-view scan-
ning electron micrograph (SEM) of the sample fabricated by electron
beam lithography (EBL) showing an array of nanoring dimers. (c) Simu-
lated transmittance spectra under illumination with different polarization
angles. Diameters d1 = 260 nm and d2 = 300 nm. (d) Electric field inten-
sity distribution at a plane 2 nm above the structures at the frequency
285.4 THz, as indicated by the dashed line in column (c). For all the
simulations: the height of the nanoring is 40 nm; the gap g is 10 nm; the
periodicity is 700 nm; the wall thicknesses of the left and right nanorings
are 70 nm and 20 nm, respectively.
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the corresponding surface charge distributions.21 Under far-
field excitation, |0〉 → |1〉 is a dipole-allowed transition, while
|0〉 → |2〉 is a dipole-forbidden transition under normal inci-
dence. However, it becomes allowable under inclined illumina-
tion due to the retardation effect, indicated by a distorted
quadrupolar field distribution, as shown in Fig. 2b. In
addition to far-field excitation, near-field coupling is another
way to excite the subradiant mode. When the superradiant
mode is in close proximity to the subradiant one, the strong
near-field of |1〉 could excite |2〉 and vice versa. As a result,
there exist two pathways to excite the superradiant mode, i.e.
|0〉 → |1〉 and |0〉 → |1〉 → |2〉 → |1〉. When they interfere
destructively, the dipolar field almost diminishes, which is
obviously exhibited by the field distribution, as labelled by a
pink-downward triangle in Fig. 2b. Therefore, both the reflec-
tion and absorption can be extremely suppressed, and the
entire system will become transparent to give rise to the
PIT effect.

Concomitantly, two sharp transmission dips originate from
the coupling between |1〉 and |2〉. From the perspective of
mode hybridization, the original energy state splits into two
hybridized modes with one at high frequency |+〉 and the
other at low frequency |−〉. As a result, a band gap opens up at
the original frequency, which results in a transparent window
due to inefficient light absorption. In this sense, the PIT effect
could be considered as a byproduct of mode hybridization. It
is remarkable that the FWHM of the lower frequency reso-
nance is only 16.6 THz, which is even smaller than the Drude
damping limit of Rayleigh nanoparticles (18 THz).22 Generally,
for a given system, the decay rate of a mode is determined by
the ratio of the volume of the conductor into which the fields
penetrate because of the finite conductivity over the volume

occupied by the fields. This indicates that the decay properties
of a mode could be tuned by distorting its field distribution,23

which has been verified in ref. 12. In our case, the reduction in
decay rate arises from the effective suppression of the radiative
dissipation as well as the intrinsic absorption. The latter is
mainly caused by a significant amount of electric field spread-
ing out of the metallic parts during the circulation of energy
between two nanorings. The energy ratio absorbed by the met-
allic part is only 41% at 267.4 THz, which is also smaller than
the counterpart of Rayleigh particles, i.e. 57%.22 Furthermore,
it is found that there is no energy flow between the neighbour-
ing unit cell, as shown in the ESI.† Therefore, the narrow
peaks observed in our proposed system must result from the
energy decay within one unit cell. On the other hand, the line-
width of the higher frequency mode is only 10.4 THz. Both the
localized coupling between the superradiant–subradiant
modes and the diffraction effect contribute to this drastically
narrow linewidth.6,24,25 It is thus implied that this compound
system provides an efficient approach to decelerate the dissipa-
tion process of plasmon, which has great potential for appli-
cations such as sensing, light emission, and solar cells.

From a system perspective, two nanorings can be deemed
as a whole. As a result, the final mode of the system should
result from the interplay of two fundamental modes on each
nanoring. The first and second modes, containing both
obvious dipolar and quadruplar field distributions, can be
excited at the polarization angle φ = 0°, as shown in Fig. 2b.
They can differentiate from the π-phase difference between the
fields at both sides of the gap. The third mode of the system is
identified with the field distribution at a polarization angle of
φ = 90°, as shown in Fig. 2c, where the dipolar field is clearly
rendered but the quadrupolar field is very weak. In this con-
nection, there are three modes overall supported at the fre-
quency range of interest. However, it is worth emphasizing
that these three modes originate from the strong or weak coup-
ling of dipolar and quadrupolar modes. In other words, the
latter two modes are the essential cause of the phenomenon
observed in this system. Therefore, to quantitatively explore
coupling in a dissimilar nanoring dimer system, only two
modes, i.e. the dipolar mode and the quadrupolar mode, are
involved in the coupled Lorentz oscillator model.11,12,26 The
amplitude of the superradiant dipolar mode A1 can be
obtained as

jA1j ¼ ηð�ωþ ω2 � iγ2=2Þ
ð�ωþ ω� iγ2=2Þð�ωþ ω2 � iγ2=2Þ � κ2

E0 þ bg
�
�
�
�

�
�
�
�

ð1Þ

which can interact with incoming light directly with a geo-
metric factor η. The other oscillator, denoting the subradiant
mode, can be excited through near-field coupling with a coup-
ling strength of κ. γj is the damping rate. E0 is the amplitude of
the incident field. Since the incident energy is not perfectly
coupled into the superradiant dipole mode, a constant
field component bg should be taken into account as a
background.8,27,28

Fig. 2 (a) Transmittance evolves as the diameter d2 increases from
290 nm to 320 nm with a step of 10 nm, where diameter d1 = 260 nm
and the wall thicknesses of the left and right nanorings are 70 nm and
20 nm, respectively; polarization angle φ = 0°. The transmittance of a
single nanoring with diameter d = 260 nm is plotted as a reference, indi-
cated by the dashed line. (b) Field distribution of the Ez component
under excitation with a polarization angle of φ = 0°, indicating a strong
coupling. (c) Field distribution of the Ez component under excitation
with a polarization angle of φ = 90°, indicating a weak coupling. Field
distributions are calculated under normal illumination except for quad-
rupolar mode, simulated with an incident angle of 30°.
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To unveil the interaction between two fundamental modes,
the coupling and damping parameters can be obtained by
fitting the magnitudes of the electric field with eqn (1). The
retrieved parameters are plotted in Fig. 3. When the polariz-
ation angle φ is 90°, the fitted damping rate γ1 of the super-
radiant mode is 28.4 THz, which matches well with the value
of the single dipolar mode by fitting with a Lorentzian func-
tion; the estimated damping rate γ2 of the subradiant quadru-
pole mode is simply set to be 14.0 THz, which is obtained
from inclined illumination of the single quadrupolar mode.
κ is set as 0 due to a negligible coupling. Significantly, the
coupling strength κ is approximately linearly proportional to
the polarization angle, and it increases as the polarization
angle decreases owing to a better alignment of field antinodes
between the two modes; see a detailed discussion in the ESI.†
This novel scheme for controlling mode coupling has great
potential in plasmonic devices. Notably, there are also slight
changes in the fitted decay rates, which may be beyond general
consideration. Usually, as one of the intrinsic properties of a
given mode, the decay rate is known as a constant. However,
this statement may not be appropriate for a more general case
when field distributions have distortions.23 Due to the strong
coupling, the field profiles around each nanoring deviate from
the corresponding eigenmodes. Therefore, the observed decay
rate may also include the contributions from other eigen-
modes, which leads to a change in the decay rate. Accordingly,
it is reasonable that the decay rate varies in our work; this vari-
ation results from the distortion of the fields caused by gradu-
ally rotating the polarization clockwise, as shown in Fig. 1d.
Polarization-dependent excitation could thus provide a feasible
approach to engineer the decay properties of plasmonic reso-
nances. It should be noted that the coupled oscillator model
provides a good explanation for the main features of the pro-
posed system. However, the real system is considerably more
complicated. For instance, the coupling strength could be a
complex value instead of a real quantity when an additional
phase factor is taken into account.29

The proposed polarization-dependent PIT device was
experimentally verified via the sample fabricated by EBL. As
the polarization of incident light rotates from 90° to 0°, the
transmittance increases from 0.34 to 0.58 at a frequency of
275.8 THz, as shown in Fig. 4b, reaching a maximum as the
electric field oscillates along the center-to-center axis of the
two nanorings. The modulation depth achieved experimentally
is thus 41%, which is smaller than the 93.9% obtained in
simulation with g = 20 nm. The difference between the theore-
tical calculation and the experimental measurement can be
largely attributed to grain boundaries, large damping caused
by the adhesion layer, and deviations from a perfect normal
excitation. Nonetheless, the trends in our experimental find-
ings support the validity of our theoretical predictions, clearly
demonstrating the feasibility of polarization-based dynamic
control of the PIT effect exhibited by the proposed nanoring
dimer structure. Although polarization-dependent trans-
parency has been investigated previously, the working mecha-
nisms of these studies, relying either on the control of phase
difference of two bright modes or on the turning on/off of the
dark mode, are quite different from ours.30,31

Conclusions

In summary, a novel strategy of realizing dynamically controll-
able hybridization of plasmon modes was proposed based on
dissimilar nanoring dimer arrays. As a demonstration, the
polarization-controlled PIT effect was investigated both
numerically and experimentally. Through aligning the field
antinodes of the superradiant mode with the subradiant mode
by rotating polarization, the entire structure undergoes a tran-
sition from opaque to transparent. The modulation depth
achieved was calculated to be as high as 95%. The coupling
strength between the two modes is linearly proportional to the

Fig. 3 Retrieved coupling and damping parameters against polarization
angles. The black dashed line shows the linear fitting of the coupling
strength against the polarization angle φ.

Fig. 4 (a) Top view of SEM image of the fabricated sample. Inset shows
the close-up SEM image. d1 = 254 nm, d2 = 300 nm, g = 20 nm, and
periodicity = 700 nm; the wall thicknesses of the two nanorings are
75 nm and 29 nm. (b) Transmittance spectra measured under illumina-
tion with different polarizations.
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polarization angle, as shown by a coupled oscillator model.
Our proposed structure demonstrated a promising approach in
controlling both near-field coupling and far-field response
with dynamic tunability by simply controlling the incident
polarization. Lastly, we believe that this dynamical manipu-
lation strategy will inspire other exciting achievements utiliz-
ing polarization states of electromagnetic waves.
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