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The optical properties of a three-arm plasmonic nanoantenna with and without broken symmetry were analyzed
in detail. For the symmetrical structure, the local electric field can be significantly enhanced and well confined
within the feed gap, whilst the extinction spectrum illustrates polarization independence. With broken symmetry, multi-wavelength resonances are observed due to the single dipole resonance and dipole–dipole coupling
effect, and wide tunability is also available through minor structural adjustment. Especially when illuminated by
a circularly polarized light beam, the extinction and the electric field distribution can be effectively modulated by
just varying the incident wavelength.
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Plasmonic nanoantennas, which usually consist of metallic
nanoparticles, figure prominently in many fields, such as
plasmonics[1], nonlinear optics[2], biosensing[3], and wireless
communications[4]. Owing to the excitation of the localized
surface plasmon polaritons (LSPPs), the optical characteristics of these antennas are highly sensitive to the shape
and size of the nanoparticles, the optical parameters of the
surrounding environment, etc. Thus, by optimal design,
these antennas provide an effective way to adjust their
electromagnetic responses, i.e., to control the energy
transfer between the freely propagating radiation and
the LSPPs at the deep nanoscale.
Recently, various plasmonic nanoantennas of different
geometries have been explored[5–7], while much effort was
focused on the dipole antennas of C 2v symmetry[8–12]. The
strong localized field in the feed gap of the dipole antennas can easily yield an enhancement of several thousand,
resulting in wide potential applications for biosensing,
optical trapping[13], Raman scattering[14], and so on.
However, the C 2v symmetry only allows resonance along
the major axis of the dipole antennas in the feed gap, and
its extinction property and electric filed enhancement are
rather unstable and polarization dependent[15,16]. On the
other hand, plasmonic antennas composed of several
structured particles are gaining increasing attention.
For example, both the symmetric[17] and asymmetric[18]
cross antennas have been investigated systematically.
Six-particle and eight-particle common-gap plasmonic
nanoantennas have been constructed to obtain a broadband spectral response[19]. Metasurfaces formed by
arrays of regularly arranged nanoparticles were applied
to perform different operations[20]. In this Letter, we
1671-7694/2018/052501(4)

investigate a three-arm windmill plasmonic nanoantenna
of C 3v symmetry[21] in detail with an emphasis on its resonance behavior with and without broken symmetry. It
turns out that the extinction characteristics of C 3v symmetry are entirely insensitive to the incident polarization. The opposite case occurs for the volume average
electric field enhancement and electric field distribution,
whilst the dipole resonance of a single arm yields the
maximum enhancement. For the asymmetric case,
multi-wavelength resonances appear due to the energy
coupling between adjacent arms, which is intimately
connected with the structure and polarization. Most interestingly, broad adjustability on the resonance characteristics of a specific asymmetric antenna is available by
tuning the circularly polarized or elliptically polarized incident light.
As plotted in Fig. 1, the three-arm windmill plasmonic
nanoantenna includes three gold ellipsoids separated by a
feed circle gap. The incident laser propagates in the negative z direction, and the antenna is assumed to be surrounded by free space. The commercial finite element
method (FEM) package (COMSOL Multiphysics 4.3) is
utilized to investigate the proposed structure. In our simulations, the maximum mesh sizes in the free space domain
and the metallic region were set to be one tenth of λ∕n and
one fifteenth of λ∕jnj for higher precision, respectively.
From the widely accepted experimental data, the dielectric function of gold is adopted in the simulation[22].
We simulate the scattering cross-section C scat , the absorption cross-section C abs , the extinction cross-section C ext ,
and the volume average electric field enhancement E avg ,
which follows[23]
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Fig. 1. Schematic of three-arm windmill plasmonic nanoantenna, where the radius of the feed gap is r, the antenna
arm is assumed as an ellipsoid with semiaxes a ¼ b < c, the
angles between adjacent arms are α; β; γ, respectively, and
the azimuthal angle between the x axis and the polarization
direction is θ.

RRR
E avg ¼

jEj · dV
;
jEinc j · V

(1)

where E inc is the incident electric field, and V is the total
volume of three gold ellipsoid nanoparticles.
Figures 2(a) and 2(c) show the extinction cross-sections
C ext of the symmetrical three-arm nanoantenna and a single gold ellipsoid. It is obvious that the C ext of the nanoantenna is polarization independent, which is different

Fig. 2. Comparison of the C ext between the C 3v symmetric nanoantenna (λ ¼ 760 nm) and a single gold ellipsoid (λ ¼ 690 nm)
with different polarization angles. (a) and (b) plot the C ext
and the electric field distribution of the nanoantenna, respectively. (c) and (d) plot the C ext and the electric field distribution
of the single gold ellipsoid, respectively.
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from a single gold ellipsoid. Figures 2(c) and 2(d) can
be well explained as follows: the localized surface plasmon
resonance (LSPR) along the major axis can be excited
when θ ¼ 0°, resulting in the largest C ext . In contrast,
the C ext reaches its minimum when θ ¼ 90°, and a weak
LSPR can be observed along the minor axis. Based on the
statements above, it is not difficult to understand the results of Fig. 2(b), where the resonance strength of each
arm relies crucially on the angle between its major axis
and the incident polarization. It is interesting to note that
what the electric field distribution in Fig. 2(b) does varies
for different polarization states, but the C ext of the whole
structure remains unchanged. Next, we calculate its volume average electric field enhancement E avg based on
Eq. (1), which turns out to be a periodic function. As
shown in Fig. 3, E avg is highest when the polarization is
parallel to any major axis of its arms, i.e., θ equals 0°
or 60° in this simulation. Minimum values of E avg correspond to the case when the polarization is perpendicular to
any of the major axes.
Except for the incident polarization, the influence of the
geometry parameters, such as the major semiaxis c and
the circle gap radius r, are also discussed. From
Figs. 4(a) and 4(b) it is clear that both C ext and E tip
exhibit a red shift effect as c increases, indicating the
strong connection between the surface plasmon polariton
(SPP) resonance of the nanoantenna and the LSPR of a
single metallic dipole. Figure 4(c) shows a slight blue shift
in the resonance wavelength, while the circle gap radius
increases from 1.5 to 8 nm, which is in good accordance
with the gap-plasmon resonances[24,25]. The peak value of
C ext varies very little for different r, but E tip increases
drastically since the gap-plasmon resonances are
extremely sensitive to the gap size.
In the rest of this paper, we demonstrate that multiwavelength resonances are the result of the dipole–dipole
coupling between adjacent arms if the structural symmetry is broken. First, it should be noted that the asymmetrical structure is no longer polarization independent,

Fig. 3. Dependence of volume average electric field enhancement
E avg on the polarization angle θ, where the maximum appears
when the polarization direction is along the major axis of
an arbitrary arm, and the minimum occurs when they are
perpendicular.

052501-2

COL 16(5), 052501(2018)

CHINESE OPTICS LETTERS

Fig. 4. Variations of (a) the C ext and (b) the average electric
field enhancement of three inner tips E tip as a function of the
major semiaxis c with r ¼ 2 nm. Variations of (c) the C ext
and (d) E tip as a function of the gap radius r with c ¼ 45 nm.
Inset in (b) plots the distribution of E y at c ¼ 60 nm with
λ ¼ 640, 890 nm, respectively. Inset in (d) plots the distribution
of E y at r ¼ 1.5 nm with λ ¼ 640, 890 nm, respectively.

and different polarization states can excite multiwavelength resonances. For example, we rotate arm2 in
the symmetric antenna clockwise for 90° so that
β ¼ 30°. As can be seen from Fig. 5, two linearly polarized
beams with θ ¼ 0° and θ ¼ 90° share the resonant wavelength at around 736 nm, but they also have an additional
resonance each. Not surprisingly, the cross-section C ext
corresponds to a circularly polarized light equal to the
C ext sum of the two orthogonally polarized beams, so that
all resonant peaks are available via adjusting the incident
wavelength. For the circular polarization, we plot the electric distribution of the resonant wavelength at 736 and
966 nm, respectively. As plotted in Fig. 5(b), it is different
from the state of the C 3v symmetric nanoantenna, and the
resonance peak at 736 nm is caused by the single dipole
resonance of arm1. Also from Fig. 5, we can see that
the single dipole resonance is shared by all three different

Fig. 5. (a) Extinction cross-section of the symmetry broken plasmonic nanoantenna with α ¼ 120° and β ¼ 30° under illumination of linear and circular polarizations; (b) normalized electric
field distribution with circularly polarized illumination at resonant wavelengths of 736 and 966 nm, respectively.
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polarized states, while the resonance at 966 nm can be
attributed to the dipole–dipole coupling effect between
arm2 and arm3 due to the vertically polarized
state (θ ¼ 90°).
Next, we will prove that resonant wavelength of the
dipole–dipole coupling can be modulated if one of the arms
can be rotated at will. Numerical simulation was carried
out to verify this assumption. In Fig. 6, we rotate arm2
clockwise slightly for 15° to see the variation of the resonant wavelength. It can be found that the peak corresponding to the single dipole resonance displays little
shift, since it is contributed mainly by arm1 alone. Since
arm2 and arm3 become closer to each other in the rotation
process, their dipole resonances tend to couple with each
other and splitt. A continuous red shift of the rightmost
peak was observed as it varied from 785 to 885 nm, whilst
the coupling between arm2 and arm3 is enhanced. So, it is
possible that for the dipole–dipole coupling between two
adjacent arms, reducing the adjacent angle will result in a
red shift of the coupling resonance peak and vice versa. We
suggest that this resonance around 640 nm is also resulted
from the coupling effect between arm3 and the other two
arms, since only linearly polarized light of θ ¼ 0° is responsible for this resonance. But, this resonance is relatively
weak and shows no apparent shift.
The last section is devoted to a rather special asymmetrical structure, where α ¼ β ¼ 90°; so, arm3 is in the vertical direction of both arm1 and arm2. The results are
plotted in Fig. 7(a), where the resonance around
750 nm is shared by linear polarization ðθ ¼ 90°Þ and circular polarization. This resonance is due to dipole resonance along the major axis of both arm1 and arm2, so

Fig. 6. (a) Splitting and shifting of the resonant peak varying
with β at α ¼ 120°; (b) normalized electric field distribution
at resonant wavelength varying with β.
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enhancement periodically depends on the polarization angle. For the asymmetrical case, dipole–dipole coupling induced multi-wavelength resonance is observed and can be
excited by circularly or elliptically polarized illumination.
The resonance can be selected by tuning the incident
wavelength, and the resonance strength can also be adjusted through the ellipticity modulation.
This work was supported by the National Natural
Science Foundation of China (Grant Nos. 61320106014,
61405117, and 61675104) and the K. C. Wong Magna
Fund in Ningbo University, China.
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Fig. 7. Extinction cross-section of the symmetry broken threearm windmill plasmonic nanoantenna for α ¼ β ¼ 90° under
(a) linearly and circularly, and (b) elliptically polarized incident
light.

it is lacking in the case of the linear polarized ðθ ¼ 0°Þ incidence. The dipole resonance of arm3 is coupled with the
other two arms and splits into two resonant peaks, which
is consistent with the example above. Furthermore, we
show that if an elliptically polarized light is applied, the
strength of the resonance peaks can also be tailored.
For example, we choose the elliptically polarized light
as the following:
ξ
!
E ¼ x̂ p cosðωt − kzÞ
2
ξ þ1
1
þ ŷ p sinðωt − kzÞ:
ξ2 þ 1

(2)

The relative amplitudes of the extinction spectral peaks
are effectively modulated by tuning the parameter ξ in
Fig. 7(b), and the physics behind it is obvious. So, for a
fixed structure, we can select the resonant wavelength
and adjust the resonant strength easily by using elliptical
polarization.
In conclusion, this paper has proposed a plasmonic
nanoantenna consisting of three identical arms and discussed its resonant behavior for both symmetric and
asymmetric arrangements. For the first case, the antenna
is found to have a polarization independent scattering
cross-section, but its volume average electric field
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