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Abstract
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We have proposed and demonstrated a tunable plasmon-induced transparency (PIT) effect from
two ways, based on self-asymmetric H-shaped resonators (AHR) meta-atoms. The tunable PIT
effect is realized via varying polarization angles and coupling distances. First, by proper design,
transition from PIT mode to dipole mode is theoretically and experimentally demonstrated by
simply adjusting the polarization angle. Also, the manipulation of ‘dark-mode’ resonance
intensity from strong to weak is achieved by varying coupling strength with different distances,
which provided insight into the magnetic coupling hybridization mechanism. Prospectively, due
to its special tunable characteristics, the AHR meta-atoms may be widely used in slow light,

filters and switch devices.
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1. Introduction

Metamaterials have been an interest of researchers in recent
years due to their fantastic characteristics and potential
applications, such as use in negative refractive indices [1, 2],
absorbers [3, 4], superlenses [5], filters [6, 7], and cloaking
devices [8]. The electromagnetic behaviors of metamaterials
can also be engineered to mimic the electromagnetically
induced transparency (EIT) of atomic systems [9, 10]. EIT is
a quantum effect that refers to the formation of a sharp
transmission window, which is caused by the destructive
interference between two different excitation routes of atomic
states. In general, most EIT-like, also called plasmon-induced
transparency (PIT) effects, realized in metamaterials (or meta-
atoms) are based on two mechanisms: the bright-dark cou-
pling and the trapped mode resonance (or sup-radiant and
sub-radiant mode interference). The first one controls the
coupling between a bright mode and a dark mode. The bright
component can be directly excited by the incident
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electromagnetic field, while the dark one responds indirectly
though the coupling with the bright one. The second approach
is created by the symmetry breaking of the structure to acti-
vate a resonance with an anti-symmetric current configuration
(or destructive interference between broad and narrow reso-
nance spectra). The PIT behaviors achieved through these two
approaches both result from destructive interference. Nor-
mally, researchers focus on the realization of some exotic
characteristics based on PIT metamaterials [11-20], such as a
broadband spectral range [11], polarization-independent
transmission spectra [12, 13], multi-transparency peak [14],
tunable transmission property [15, 16], and so on. The
manipulation of the PIT effect is a key issue, which provides a
broad application in terahertz (THz) and microwave region,
such as tunable filters, sensors, and switch devices. Although
the tunable PIT properties have already been achieved by
special design of sample or doping light-activated (or electro-
sensitive) materials [15, 16], a simple and practical way to
realize tunable PIT effect is still desirable. In this paper, we

© 2015 I0OP Publishing Ltd  Printed in the UK
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Figure 1. (a) The unit cell of structure, length L =80 um, central bar distance d =30 um, left depth d; =30 ym, right depth d, =20 ym, slot
width h=40 pm, line width w =10 ym, the thickness of aluminum and substrate is to=0.2 ym, t; =500 um, respectively, and the period

p=q=110 ym. (b) Optical microscope images of the AHR sample.

study the tunable PIT effect based on self-asymmetric
H-shaped resonator (AHR) meta-atoms structure, which can
be widely used as a simple construction to achieve various
applications [21-23]. Different from realizing a broadband
transparency peak by fabricating different depths of the
resonators [23], we prefer to emphasize the tunable PIT effect
with different polarization angles and varied coupling dis-
tances. First, the PIT mode and dipole mode are observed to
be excited by an incident plane wave with a 0° and 45°
polarization angle, respectively. By proper design of the
metamaterials structure, the transition from switch-on state
(PIT mode) to switch-off state (dipole mode) can be achieved
by simply adjusting the polarization angle. Also, the manip-
ulation of dark-mode resonance intensity is achieved by
controlling the coupling strength with varying distances,
which provide insight into the magnetic coupling mechanism.
Consequently, as it is simply a tunable transmission effect, the
AHR meta-atoms’ structures may have promising applica-
tions in filters, sensors, and slow light devices.

2. Sample design and fabrication

The designed PIT meta-atom structure is an AHR scheme, as
shown in figure 1. The geometric parameters of the unit cell
are depicted in figure 1(a), with length L =280 um, slot width
h=40pm, line width w=10um, and the period
p=q=110 um. The left resonator has a depth d; =30 ym and
the right resonator has a depth d, =20 ym; there is a central
bar distance of d=30 ym. The meta-atom structure was fab-
ricated with 200 nm thick aluminum on a 500 gm thick n-type
silicon substrate by conventional photolithography [24].
Figure 1(b) is the photograph of the experimental sample. The
planar samples were measured by using fast and slow scan-
based THz time domain spectroscopy (THz-TDS) [25-27].
The amplitude transmission spectra lt(w)l=IEg(@)/Er(o)
were measured under normal incidence (k//z) with electric
field E parallel to the Y axis(E//y, H//x), where Eg(w) and
Er(w) are Fourier transformed amplitudes of the THz pulse
transmitted through the samples and reference (the blank

silicon substrate), respectively. The measured data are sup-
ported by full-wave numerical simulation computer simula-
tion technology (CST) Microwave Studio with Frequency
Domain solver (FD) using unit cell boundaries in the x and y
direction along with Floquet ports [28]. Specially, to remove
the Fabry Pérot echo caused by the silicon substrate, we
selected an ‘open add space’ boundary in the +z direction and
an ‘open’ boundary in the —z direction. This means there is a
half space in the z direction in our FD simulation: on top of
the substrate, there is an AHR structure, followed by an open
add space boundary; on the back of the sample, there is only
the dielectric followed by an open boundary. In such an ideal
interface, there will be no Fabry Pérot echo because there is
only one face. The silicon substrate was modeled as a lossless
dielectric e;=11.78 since its loss is very low in the THz
region, and Al was simulated with a default conductivity of
oa1=3.56 % 107 Sm™!, which behaves almost like a perfect
conductor, compared to the visible region [29].

3. Result and discussions

3.1. Transition between PIT mode and dipole mode by varying
polarization angle

First, we investigate the transmission response of the AHR
structure under the normal incident plane wave with various
polarization angles =0°, 45°, and 90°. The experimental
transmission spectra with different polarization angles are
given in figure 2. The insert image in figure 2 is the schematic
view of the varying polarization angle 8. As illustrated in
figure 2, in the absence of rotating, i.e., #=0°, a transparency
peak located at 0.72 THz appears between two resonance dips
at 0.65 THz and 0.79 THz (black curve). With the increase of
polarization angle 6, the transmission peak intensity declines
and the high-frequency resonance dip gradually disappears
and eventually, when 6=90°, the spectrum degenerates to a
transmission dip at 0.72 THz and the transparency peak dis-
appears (green curve).
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Figure 2. (a) Experimental transmission spectra of the AHR structure
with various polarization angles 8 =0° (black curve), 45° (red curve),
and 90° (green curve). The insert image is the scheme of varying
polarization angle 6.
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Figure 3. (a) The experimental and (b) simulated transmission
spectra by varying polarization angle 6 from 0° to 90°.

To gain overall insight of the polarization characteristics,
the experimental and simulated transmission spectra under
different polarization angle varying from 0° to 90° are
exhibited in figure 3. A transition between the switch-on state
and switch-off state can be observed clearly with different
polarization angles. On the hand, the transparency window
exists when polarization angle =0°, which can be regarded
as the switch-on state. On the other hand, the transparency
peak fades gradually with the increase of polarization angle 6.
When 6 is increased to 90°, only a resonance dip exists and
the transparency peak disappears, which can be viewed as a
switch-off state.

To research the underlying mechanism of the transmis-
sion response, the electric field and surface current distribu-
tions are given below. To start with, we try to study the origin
of the transparency spectral characteristics with 0° polariza-
tion angle, as shown in figure 4. The electric field and surface
current distributions are shown in figure 4. As explained by

“dark- |
mode” |

1 “bright-
I
I .

Lo VA
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1
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Figure 4. The electric field and surface current distributions with 0°
polarization angle (I) and (IV) at the first resonance dip at 0.65 THz,
(II) and (V) at the transparency peak 0.72 THz (III) and (VI) at the
second resonance dip 0.79 THz.

magnetic-dipole-induced transparency mechanism in [23], a
PIT effect can be observed in figure 4. The low-frequency
resonance dip dominantly arises from the induction-capaci-
tance (LC) resonance of the deeper resonator (left side), and
an counterclockwise surface current emerges at the left depth,
which is in accordance with the excited electric field, as
shown in figure 4 in (I) and (IV). The LC resonance on the
shallower resonator (right side) evokes the high-frequency
resonance dip with clockwise flowing surface currents around
the right depth, as shown in figure 4 in (II) and (VI). At the
transparency peak (see figures 4 (II) and (V)), the surface
currents remain counterclockwise for the left depth, while the
currents in the right depth change to be counterclockwise.
Therefore, the left depth can be regarded as a ‘bright mode’
owing to in-phase currents with the excited electric field,
while the right depth is a dark mode due to its anti-phase
surface currents, as shown in figure 4(V). Consequently, a
PIT transmission spectrum is observed as the energy excited
in the bright mode transfers to the dark mode with low-energy
dissipation. In addition, we marked the bright and dark mode
clearly in figure 4.

Then, the electric field and surface current distributions at
the resonance dip with 90° polarization angle are given in
figure 5(a). It is a typical dipole mode at the resonance dip
(0.72 THz) as a parallel electric field to the arms of an AHR
structure. Next step, we focus on the coupling property with a
45° polarization angle, as shown in figure 5(b). The parallel
electric field component (E//y) brings about the transparency
peak at 0.72 THz, owing to PIT mode. Meanwhile, a reso-
nance dip at the same frequency (0.72 THz) is evoked by the
dipole mode via the perpendicular electric field component
(ELy). As a combination of preceding two effects, an atte-
nuated transparency peak (0.72THz) emerges at a 45°
polarization angle. In brief, when the polarization angle
0=0°, the PIT mode can be excited. With the increase of
polarization angle 6, the PIT mode fades gradually and the
dipole mode is enhanced. We also want to emphasize that, in
this paper, the parameter of AHR is designed carefully to let
the frequency of the transparency peak (8=0°) coincide with
the resonant frequency of the dipole mode (6=90°).
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Figure 5. (a) (I) and (II) are the electric field and surface current distributions with a 90° polarization angle. (b) The electric field and surface
current distributions with 45° polarization angle. (I) and (IV) at the first resonance dip at 0.66 THz, (I) and (V) at the transparency peak at

0.72 THz, (IIT) and (VI) at the second resonance dip at 0.78 THz.

Therefore, with the increase of polarization angle 6, the
phenomenon that transmission peak (0.72 THz) at 8=0° falls
down rapidly not only comes from the degeneration of PIT
mode, but also contributes to the strong enhanced dipole
mode with the transmission dip designed at 0.72 THz. The
transmission response at 0.72 THz can be transformed from
the transparency peak (switch-on state) to stop band (switch-
off state) by varying the polarization angle easily due to the
combination effects of reduced PIT mode and enhanced
dipole mode. By borrowing this simple polarization control,
the AHR meta-atoms structure can be used as a tunable filter.

3.2. Manipulation of dark-mode resonance intensity by different
coupling strength

To further understand the effect of coupling in an AHR
structure, we change the coupling strength by varying dis-
tance d between resonators. Figure 6 presents the transmission
spectra with different central bar distance d varying from
10 ym to 40 um with 10 ym steps. With the increase of bar
distance d, resonance frequency blue shifts for bright mode
(the low-frequency resonance dip) and red shifts for dark
mode (the high-frequency resonance dip). The resonance
frequency of dark mode is located at 0.78 THz, 0.79 THz,
0.80 THz, and 0.82 THz with decreased distance d changed
from 40 ym to 10 um with 10 ym steps, respectively. These
results agree with the resonance hybridization model in which
the resonance energies shift from the initial resonance ener-
gies of the resonators with increased coupling. However, the
resonance intensity of dark mode damps gradually and the
transmission window becomes broad with decreased coupling
distances. This observed behavior is different from the
proposed two separated back-to-back coupled split-ring
resonators (SRRs) for which the reduced coupling distance
resulted in closer resonance modes [30].

To clarify the coupling mechanism of different coupling
distances, magnetic field and surface current distributions of
the high-frequency resonance dip (dark mode) with different

Amptitude Transmission

00 L) I L) L)
0.2 04 06 08 10 12

Frequency (THz)

Figure 6. (a) The transmission spectra by varying central bar height
d. The insert image is the view of the changed distance d.

‘B

Figure 7. The magnetic field and surface current distributions of the
high-frequency resonance dips (I) and (III) at 0.82 THz with
d=10 um, (II) and (IV) at 0.78 THz with d=40 pym.

distances, 10 gm and 40 ym, are given in figure 7. The high-
frequency resonance is mainly evoked by the right shallower
resonator. And more remarkable, the coupled magnetic field
intensity concentrates more on the two sides of the arms,
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which is different from un-contacted two back-to-back cou-
pled resonators whose intensity concentrated around the
resonance cavity [30]. The coupling intensity of closed dis-
tance d =10 um (see figures 7 (I) and (II1)) is stronger than far
distance d=40 um (see figures 7 (I[) and (IV)). Thus, more
energies transfer to the deeper side with decreased bar dis-
tance, which crippled the intensity of high-frequency reso-
nance. Meanwhile, the transparency window widens with
decreased coupling distance. Therefore, the resonance inten-
sity of dark mode can be manipulated from strong to weak
simply by controlling the coupling strength with varying
distances.

4. Conclusion

In conclusion, we have proposed and demonstrated the tun-
able PIT effects from two methods based on AHR meta-atom
structure. The tunable PIT effect is realized via varying
polarization angle and coupling distances. First, the PIT mode
and dipole mode are observed to be excited by an incident
plane wave with a 0° and 90° polarization angle, respectively.
By carefully designing the parameter of the AHR structure to
let the resonance frequencies of the PIT mode and dipole
mode coincide with each other, the transition from the switch-
on state (PIT mode) to switch-off state (dipole mode) is
theoretically and experimentally demonstrated by simply
adjusting the polarization angle. Then, the manipulation of
dark-mode resonance intensity from strong to weak is
achieved by various coupling strength with different coupling
distances, which provides an insight into the coupling
mechanism. Prospectively, due to its special tunable char-
acteristics, the AHR meta-atom structure may be widely used
in slow slight, filters, and switch devices.
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