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Abstract Dynamical control of plasmon-induced transparency
(PIT) in metamaterials promises essential application opportu-
nities. In this paper, we design a novel disk/rod hybrid
metasurface to investigate an actively controlled PIT spectral
response through polarization-dependent near-field coupling be-
tween the disk (bright) and the rod (dark) resonator. It is found
that an on-to-off amplitude modulation of the PIT transparency
window is achieved by the rotation of polarization, allowing for
dynamically tunable group delays of incident waves. An analyt-
ic model based on the dipole-dipole interactions is developed for
the proposed configuration, which agrees well with the numer-
ical results. The disk/rod metasurface offers great promise for
optical switching and compact slow light devices.
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Introduction

Metamaterial has become a versatile platform in the field of
integrated photonic devices due to unusual electromagnetic
properties supported by engineered metallic structures with
unit size much smaller than the wavelengths of radiation
[1-3]. The most prominent feature is the freedom to be able
to design the “meta-atoms” at will to achieve well-controlled
optical properties not obtained in natural materials or mimick-
ing optical properties occurring in natural materials but under
quite stringent experimental conditions, such as Fano reso-
nance [4-7] or electromagnetically induced transparency
(EIT) in atomic three-level systems [8]. A metamaterial ana-
logue of EIT, also called as plasmon-induced transparency
(PIT), can be achieved simply by artificially designing a
super-radiative (bright) resonator coupled with a sub-
radiative (dark) resonator [9]. The coupling between a bright
and a dark resonator results in the destructive interference
between two excitation pathways of bright modes that gives
rise to a spectrally narrow transmission window within a
broad absorption background. Within this window, dramati-
cally slowed down photons and significantly enhanced non-
linearities enable the manipulation of light at the energy levels
corresponding to just a few photons [10], opening up possi-
bilities for nonlinear optics and optical information process-
ing. Now, many PIT metamaterial structures have been pro-
posed, such as the symmetrical resonators of nanorod and the
asymmetrical, simplified as well as complex resonators
[11-15].

The ability to actively control PIT effects enables a dynam-
ic tunability of group velocity of light and potentially extends
the range of the applications even further, e.g., wireless optical
communication and optical networks. Some schemes have
been proposed to obtain actively controlled PIT in metamate-
rials [16-20]. However, they mostly depend on integrating
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metamaterials with various active materials, such as quantum
dots, semiconductors with the electrically/optically controlled
free carriers, superconductor, or graphene. For example, Gu
et al. demonstrated optically tunable PIT by integrating
photoactive silicon into metamaterials, where the modulation
mechanism is attributed to a change in the damping rates of
dark modes caused by silicon under photoexcitations [16]. Jin
et al. demonstrated the controlled PIT in metamaterials by
adjusting incident angle based on the phase coupling [18].
Very few attempts are based on the active control of other
physical parameters, including the coupling strength between
two resonators, the damping rate of bright modes, and the
detuning of resonant frequency of bright modes from dark
modes.

In this paper, we proposed a novel disk/rod hybrid
metasurface that supports PIT resonance without breaking
structural symmetry. The directly excited dipolar resonance
in disk is coupled to the quadrupolar resonance of the rod
via localized electric fields produced at the gap between them,
leading to an obvious PIT transparency window in the visible
frequency. Interestingly, an on-off modulation of the PIT
transparency window can be achieved by the rotation of po-
larization of the excitation light. Moreover, a simple analytical
model based on classical dipole-dipole interactions is devel-
oped for the structure, which quantitatively and intuitively
explains the polarization-dependent PIT phenomenon.

Structure Design and Simulation Method

The target focused in this paper is a two-dimensional periodic
array of the disk/rod hybrid nanostructure with the period of
500 nm smaller than the incident wavelengths, that is, a plas-
monic metasurface. Figure 1 displays the schematic of the unit
cell of the metasurface, consisting of a disk and a long rod.
The diameter of the disk is D=240 nm. The length and width
of the long rod are L=310 nm and W=40 nm, respectively.
The thickness of the disk and the rod is H=20 nm, and the
edge-to-edge gap width between the disk and the rod is g=
30 nm. Numerical simulations are carried out by finite element
method (FEM) with COMSOL Multiphysics. The
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Fig. 1 Schematic of the unit cell of the disk/rod metasurface, where the
geometrical parameters D, H, W, L and g are defined
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computation domain consists of a unit cell, where perfectly
matched layers (PML) are applied along the boundaries nor-
mal to the propagation direction (z-axis), and periodic condi-
tions are employed to four lateral boundaries in x- and y-di-
rections. Silver is chosen as the disk and rod material due to its
low intrinsic damping, whose frequency-dependent permittiv-
ity is described by Drude model with the plasma frequency
wp=1.366% 10'® rad/s and the damping constant y=3.07x
10" 1/5 [9, 21].

Results and Discussions

Figure 2a shows the transmission spectrum of the disk/rod
metasurface at normal incidence with the £-field polarization
along x-axis. As a reference, the transmissions of the solely
disk and rod array are also given. It is found that the disk array
exhibits a typical Lorentz line-shaped resonance arising from
the radiative dipolar plasmon mode of the disk. By contrast,
under the same excitation conditions, the rod array shows no
response because the polarization of excitation light is normal
to its long axis. The geometrical parameters of the rod have
been optimized to ensure its quadrupole mode resonant at the
same frequency as the disk’s dipole mode (420 THz) by cal-
culating its optical response at oblique incidence. The quad-
rupole mode can be excited by an adjacent dipolar source [22].

Transmission

1 1 1 L
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0

Fig.2 a Transmission spectra of the solely disk array, the solely rod array
and the disk/rod hybrid array. /nset: E indicates incident E-polarization
direction, and & shows incident direction. b Distributions of the electric
fields (JE|) and current density (J) at PIT frequency (420 THz). The
arrows represent the directions of current oscillations
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Thus, when both resonators are arranged in close proximity to
each other, the dipolar resonance in disk excited directly by
incident light acts as a point source and couples to the qua-
drupolar mode in the rod through the near-field interactions.
As a result, the bright mode in disk can be excited in two
pathways: [[>—|B> and |[>—|B>—|D>—|B>, with |[>, |B>,
and |D> representing incident source, bright, and dark modes,
respectively. The two pathways interferences destructively,
resulting in the suppression of polarization of the bright mode
and a corresponding transparency band instead of the original
transmission dip. As illustrated in Fig. 2b, the polarization of
the disk is suppressed and the quadrupole mode with three
nodes of electric fields in the rod is observed obviously.

The amplitude modulation of the PIT transparency peak is
observed clearly by rotating the polarization orientations of
excitation light, as shown in Fig. 3a. The angle of the polari-
zation direction with respect to the x-axis is defined as € (See
the inset). In the case of §=0°, a pronounced transparency
peak with a transmittance of about 85 % appears between at
two resonant dips. With increasing 6, the transparency peak
gradually shrinks without a notable frequency shift. If 6 is
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Fig. 3 a Transmission spectra of the disk/rod metasurface at different
polarization angle 6. Vertical dashed line indicates the central frequency
of PIT resonance. b Electric field (|E|) distributions at the dip spectral
positions, which are denoted by red arrows in a

increased further to 90°, the PIT spectral feature disappears
completely, leaving only a single transmission dip with the
transmittance as low as 10 % in the transmission spectrum.
In this case, the transmission spectrum is very similar to that of
the solely disk array shown in Fig. 2a.

In order to get into the underlying physics of the
polarization-tunable PIT behavior, the distributions of electric
fields at the spectral position of one of dips, as denoted by red
arrow in Fig. 3a, are shown in Fig. 3b for different polarization
angles. Here, the transmission dip instead of the peak is cho-
sen for simultaneously displaying the disk’s polarization
(bright mode) since it is suppressed at the PIT frequency.
Because the disk and the rod are coupled as the bonding mode,
a prominent field enhancement is produced at the gap between
the disk and rod for the low-frequency dip. On the contrary,
the electric fields at the gap are suppressed greatly for another
transmission dip (at the high frequency) due to the formation
of the anti-bonding mode, which is not shown here. From
Fig. 3b, it is revealed that for #=0°, an electric dipole in disk
driven by the incident polarization is coupled to the rod’s
electric quadrupole via the localized electric fields produced
at the gap vicinity. With the increase of 6, the polarization
direction of the dipole in disk is changed consistently along
with the incident polarization, whereas the quadrupolar mode
in rod is independent of the polarization angle due to its dark
feature and oscillates always parallel with the long symmetry
axis of the rod. Actually, as 6 is increased, the effective cou-
pling angular separation between the disk and the rod is en-
larged, causing the near-field coupling between bright and
dark modes to weaken. Accordingly, the PIT resonance be-
comes increasingly not pronounced and disappears at §=90°,
where the near-field coupling is suppressed, and only a single
dipole resonance of the disk exists. The central frequency of
the PIT resonance nearly keeps constant during this process
due to the structural isotropy of the disk. A small blueshift of
the central frequency with respect to the case of =0° is at-
tributed to the longitudinal interaction between the disk and
rod. If the gap distance g is enlarged, the blueshift will
disappear.

The near-field coupling between the two resonators can be
evaluated by the E-field intensity at the position of the gap
center (See the inset of Fig. 4a). The E-field intensity is ob-
tained by placing a virtual E-field probe at this position, and
the results are shown as a function of 6 in Fig. 4a. At #=0°, the
E-field intensity (|E|) is the largest, indicating a large coupling
strength. With the increase of 6, the E-field intensity decreases
markedly and finally reaches a value of less than 1 at §=90°.
Obviously, the near-field coupling between the disk and the
rod is significantly reduced with increasing the polarization
angle, which contributes to a giant amplitude modulation of
the PIT resonance.

The classical dipole-dipole interaction is a simple electro-
static model from which we can directly derive the interaction
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Fig. 4 a E-field enhancements located at the gap center (indicated by a
red dot in the insef) for the low-frequency transmission dip as a function
of the polarization angle 6. b Theoretical results of interactive energy
between the dipole and the quadrupole mode as a function of ¢. The
inset is an analogy of the polarized states of the disk/rod hybrid system

induced by excitation light. The dipole ?3 represents the dipolar reso-
nance of the disk, while the two identical collinear anti-parallel dipoles

?1 and ?2 represents the quadrupolar mode of the rod

energy between two coupled plasmon resonators [23]. In order
to provide an intuitive theoretical picture of the polarization-
dependent near-field coupling between disk and rod, an ana-
lytic expression is developed for the proposed configuration
base on this model. As shown in inset of Fig. 4b, the dipole

. S L -
resonance in the disk is represented by an electric dipole P 3,
while the linear quadrupole resonance in the rod can be
viewed as the combination of two identical collinear anti-

parallel electric dipoles ?1 and ?2. In the quasi-static ap-
proximation, the interactive energy V between the disk’s di-
pole mode and the rod’s quadrupole mode can be expressed as
the linear sum of both dipole-dipole mutual energies [24, 25]:

V=Vi+Vay
— — — —
3 (P 1'713) (P3'713) (P2'723) (P3'723>
= +
47eg ”?3 r§3

(1)

where 7715 and 7 o3 are the center-to-center distance vectors
. — — — — .
directed from P to P3and Psto P 3, respectively. Because
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the electric dipole ?3 is just located at the symmetry axis of
the quadrupole mode, the interactive energy is thus simplified
as follows:

-
3 (P1'7)13) | 713 + 7 23| P3cos(6)

3 (2)

V =
4reg 3

From Eq. 2, we can conclude that, when the polarization
angle 6 is 0°, the interactive energy Vis the largest. With the
increase of @ along with the polarization of excitation light, the
interactive energy V becomes weaker and weaker. When the
polarization angle @ is 90°, the interactive energy Vapproaches
zero. It is revealed further in theory that the evolution process
of the PIT transmission spectra in dependence on the polari-
zation angle arises from a change in the coupling strength
between the disk’s dipole mode and the rod’s quadrupole
mode. The theoretical result using the dipole-quadrupole in-
teraction model (Fig. 4b) exhibits a good agreement with the
FEM numerical simulation result (Fig. 4a).

Besides the polarization angle, the interactive energy
V also depends on the relative distance between the di-
pole and the quadrupole mode from Eq. 2. A smaller
distance corresponds to a larger interactive energy. This
indicates that the PIT resonance can also be affected by
changing the gap distance g. Figure 5 shows the trans-
mission spectra of the disk/rod metasurface with different
g. It is found that as g decreases, the transparency win-
dow grows in strength and becomes more and more
prominent due to the increase of the coupling strength
(that is, the interactive energy) from Eq. 2. For g less
than 20 nm, the center frequency of the PIT peak, espe-
cially the low-frequency dip, produces an obvious red
shift. This tunability based on altering the relative dis-
tance between the resonators has been demonstrated
widely in previous work. However, it is not desirable
from the viewpoint of practical applications because this
tunability will disappear once the samples are fabricated
(passive control).
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Fig. 5 Transmission spectra of the disk/rod metasurface with different gap
distance (in nanometer). The incident polarization is along x-axis (6=0°)
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Fig. 6 Group delays for various polarization angles. Here, Tg:TgEIT
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with and without the disk/rod hybrid metasurface, respectively

One important character of the PIT effects is to support the
slow light propagation [26—28]. To demonstrate the capability
of slowing light, the group delay (7,) of incident light through
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the disk/rod metasurface is estimated according to the follow-
ing formula [29]:

j dppr(w) _ degy(w)
_ AT __air __ EIT _ air
T = Tg Te = ( dw dw 3)

where TgEIT and Tgair are the group delays through an air box
with and without the disk/rod metasurface when the gap g=
20 nm, and @t and ,;, are the phases of the respective
transmitted wave in these two cases. Figure 6 shows the group
delay spectra under various polarization angles. It can be seen
that the group delay time is about 60 fs at PIT frequency for
0=0°, which is equivalent to a time delay for the free space
propagation across a 18-um distance. The capability of
slowing light is noteworthy, because the actual thickness of
the metasurface is very thin and only 20 nm. When the

b 90°

150°

210°

270°

d 90°
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Fig. 7 Patterns of the scattered light in the far field for the disk/rod metasurface in x-z plane at different polarization angles, a #=0°, b 30°, ¢ 60°, and d
90°. The frequency is chosen to be 420 THz corresponding to the PIT resonance
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polarization angle is increased gradually, the slow light char-
acteristic is weakened obviously and finally lost at #=90°,
where it is turned into a typical group-delay characteristic of
localized surface plasmon resonances. The active, giant mod-
ulation of the group delays of optical wave by the incident
polarization makes this geometry promising for application
in compact slow light devices.

Finally, we investigate the influence of rotation of the
polarization on the angular distribution of the scattered
light in the far-field for the disk/rod hybrid metasurface.
Figure 7 displays the scattering pattern in the x-z plane at
the PIT frequency (420 THz), which depends sensitively
on the polarization orientations of the excitation light. At
0=0°, the scattering pattern presents four lobes at nearly
right angles from each other, with a symmetrical angular
distribution around the x-axis. It corresponds to a linear
quadrupole mode arising from the long metal rod [30],
which is excited by the disk’s dipole resonance through
the near-field interactions. With increasing 6, the quadru-
pole resonance becomes weaker and weaker due to de-
creased near-field coupling, resulting in the transition of
the scattering pattern gradually from the quadrupole to
the dipole radiation, as displayed in Fig. 7b, c. Finally,
the scattering pattern of a dipole mode arising from the
disk is observed at §=90° when the near-field interactions
between the disk and the rod is suppressed, and the PIT
effect disappears completely.

Conclusions

In summary, we have theoretically demonstrated the PIT
spectral response in a disk/rod hybrid metasurface. With
the aid of the polarization-dependent near-field coupling,
on-off switching of the PIT transparency window is achieved
by rotating the polarization from 0° to 90°. Based on this
observed phenomenon, an optical switching function can
be realized. Besides, the polarization-dependent group de-
lays and scattering patterns in far field have also been dem-
onstrated. The metasurface has great promise for a wide
range of applications in compact optical components and
nonlinear devices. In addition, it may inspire interest in de-
veloping dynamically tunable PIT metasurface with an ap-
plied voltage if placed into active mediums such as liquid
crystal.
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