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This study proposes a bi-layer windmill-shaped metamaterial that consists of resonators, with similar shapes, on both
sides of a dielectric substrate. In this study, the second layer is rotated clockwise around the substrate normal at 90°
and thereafter flipped in the first layer. Due to the introduction of a windmill-like shape, the resonant structures result
in new resonant modes and thus can achieve multi-band high-efficiency cross-polarization conversions and asymmetric
transmissions (ATs) for a linearly polarized incident plane wave with a maximum asymmetric parameter of 0.72. Depending
on the geometric parameters of our windmill-shaped structures, the AT effects can be flexibly modulated in a broad multi-
band from 160 THz to 400 THz, which has not been reported in previous studies. These outstanding AT effects provide

potential applications in optical diodes, polarization control switches, and other nano-devices.

Keywords: metamaterial, multi-band, asymmetric transmission, polarization conversion

PACS: 42.25.Bs, 42.25.Ja, 42.79.Ci, 81.05.X]

1. Introduction

Metamaterials and metasurfaces have become an impor-
tant research field because they present powerful capacities for
manipulating the fundamental properties of the propagating
electromagnetic waves due to the flexible design of subwave-
length geometric shapes and sizes.!!"?) In addition, acoustic
metamaterials are also proposed to investigate the transmis-
sion spectra and sound insulation performance.>*# Since the
proposal of the concept of metamaterials, several novel struc-
tures have been reported, ranging from microwave to optical
regimes, such as I-shaped metamaterials, split-ring resonators,
L-shaped metallic antennas, and S-shaped holes.>=! Since
then, many studies have paid attention to focusing beams, %]
creating orbital angular momentum,!'!! and manipulating the
polarization states, phases, and modes of TE/TM waves.!!>!3]
In 2007, Zhou et al.

to manipulate the polarization of electromagnetic waves and

proposed an I-shaped metamaterial

achieved complete conversion between two perpendicular lin-
ear polarizations.!! In 2020, broadband linear-to-circular po-
larization conversion was realized among reflected waves.['4]
In addition, metamaterials have been used to realize perfect
absorption, circular dichroism, optical activity, and the asym-
metric transmission (AT) effect.[15-20]

In recent decades, the AT effect has garnered increas-

ing attention. To realize outstanding and tunable AT ef-

DOI: 10.1088/1674-1056/ac16d2

fects in linearly and circularly polarized plane waves, sev-
eral studies have been conducted, such as changing the
shapes of symmetry-broken chiral metastructures,>!?? in-
creasing the layers of the proposed nanobars, >34 and tilt-
ing the rectangular nanoholes.!?>! With regard to circularly
polarized plane waves, high-efficiency broadband and dual-
band AT effects have been studied and realized from mi-
crowave to optical regimes,?%20281 and tunable AT effects
have also been realized by integrating the graphene layers with
metamaterials.[>3!) With regard to linearly polarized plane
waves, several studies have focused on enhancing the effi-
ciency and broadening the band of the AT effect. In these
studies, the AT effect in the microwave regime achieved better
results than those in the optical regime. For instance, dual-
band, broadband, and multi-band AT effects have been real-
ized in the microwave regime with high efficiency.>!>33! In
comparison with the microwave regime, most studies on the
near-infrared regime have realized the broadband or dual-band
5.133-351 For example, Zhang re-
alized both circularly and linearly polarized AT effects us-
ing one-layer metamaterials, but the AT values were about

AT effect with low efficiencie

0.1.>2%1 To increase the AT values, more works paid atten-
tion to bi-layer metamaterials, then I-L-shaped, S-shaped, split
ring-shaped Q-shaped metamaterial, and many other meta-
materials were proposed, and the AT values increased to
0.8.135-491 For further increases in AT effects, multilayer meta-
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material has also been proposed and the AT values have been
increased to 0.9. But here, the multilayer metamaterials in-
crease the complexity and difficulty of the fabrication process,
so it is necessary to enhance and broaden the AT effects using

[2441.42] 1y previous works, the dual-

bi-layer metamaterials.
band AT effect has also been realized by bi-layer metamate-
rial with a maximum of about 0.75,[8:3243:44] pyt a few studies
have reported the multi-band AT effect and its tunable proper-
ties. According to the multi-band absorption, multi-band po-
larization conversion, and multi-band circular dichroism and
other multi-band electromagnetic effects, we know that it is
useful to study the multi-band AT effect on the near-infrared
regime.[#—47]

In this study, we propose a bi-layer windmill-shaped
metamaterial and numerically investigate the multi-band AT
effect and its tunable properties using the finite-difference
time-domain method. In comparison with the split-ring res-
onator, the windmill-shaped resonators can motivate and en-
hance more resonant modes. Consequently, the simulated re-
sults demonstrate that the AT values are greater than 0.5 at 195,
260, and 309 THz. Moreover, the high-efficiency AT effects
can be flexibly tuned by modulating the geometric parameters
of the proposed metamaterial. For instance, the bandwidth can
be tuned by changing the size s, whereas the polarization state
of the transmitted plane wave can be tuned by changing the
gap between the first and second layers. The additional op-
erating frequency bands and tunable properties provide more
application possibilities for the AT effect in the future.

2

circ —

i, Tf_
Here, the TJf 4 and Tt .. indicate the right and left circularly po-
larized transmission coefficients, when the right circularly po-
larized incident plane wave propagates along the forward (+z)
directions. The T};f and 7! _ indicate the left and right circu-
lar polarized transmission coefficients, when the left circularly

polarized incident plane wave propagates along the forward
(42z) directions.

Then, the AT parameters for linearly and circularly polar-
ized plane waves can be defined as
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2. Design and structure

Firstly, we discuss the principles of the bi-layer windmill-
shaped metamaterial design. When a linearly polarized plane
wave is propagating in the +z direction, the illuminated and

transmitted electric field can be given by 484
Ei(r.1) = <§." ) ellleen, (1
v
E,(r,1) = ( - ) e!ltemen, &)
Y

and then the illuminated and transmitted electric fields can be
connected by the Jones matrix 7"

t T TS\ (i i
ol U O et W R ©
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Here, T and T‘fx indicate the x and y polarized transmission
coefficients, when the x polarized incident plane wave prop-
agates along the forward (+4z) directions. Here, Y;fy and Tyl;
indicate the x and y polarized transmission coefficients, when
the y polarized incident plane wave propagates along the for-
ward (4z) directions. If the metamaterial meets the reciprocity
theorem, the backward (—z) direction transmission matrix Tlli’n
can be described as follows:
in b Tb _rt ot
yx Lyy xy Ty

For circularly polarized plane waves propagating along the

forward (4z) direction, the transmission matrix chirc can be
described by
T~ 1} =i+ 7)) 5
T~ Th+i(TH+ 1Y) Th+Tf — (T~ T)

transmittance for the x polarized incident plane wave propa-
gating along the forward (+4z) and backward (—z) directions,
£ 2 f 2 b |2 b |2
T [+ T and TP, 7+ [T |
mean the total transmittance for a right polarized incident

respectively. Similarly,

plane wave propagating along the forward (+z) and backward
(—z) directions, respectively.

According to Egs. (5)—(7) the AT effect can be realized
in only linearly polarized plane waves, when Ty, = Ty,, and
T # [T

To realize the Ty, = Ty, and |Tx)| #* |Tyx
layer windmill-shaped resonator, which is presented in Fig. 1.
The second layer is rotated clockwise about the z-axis at 90°

, we propose a bi-

and then flipped along the x-axis with respect to the windmill-
shaped structure in the first layer.[*"! In addition, we rotate the
(x, y, z) coordinate system about the z-axis by 45° to estab-
lish a coordinate system (x, ¥, Z’). As a result, the bi-layer
windmill-shaped resonator breaks all rotation symmetries, ex-
cept the 180° rotation symmetry for the y’-axis. For the (x', y/,
7') coordinate system, the bi-layer windmill-shaped resonator
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looks the same when x'/y’ polarized plane waves propagate
along the forward (+z-direction ) or backward (—z-direction).
Then we can get

Ty = —Tyy. 8)

Here, the (x, y, z) coordinate system and the (¥, y', 7’) coordi-
nate system can be connected by the Jacobi matrix C, which
is described as follows:
(i )=e(mn)e o
yal Lyly yx Lyy
Here,

V2 (1 -1
C:2<1 1). (10)

According to Egs. (8)-(10) we can get T, = Ty,. In addition,
the windmill arms play an important role in inducing and en-
hancing multi-band resonances.!®®! As a result, the bi-layer
windmill-shaped resonator can result in a multi-band AT ef-
fect for only linearly polarized plane waves.[#8-30]

(b)

N <

forward

Fig. 1. (a) A unit cell of bi-layer windmill-shaped resonators with blue and
red arrows indicating the forward and backward incidences, respectively. (b)
and (c) The first and second layers of the unit cell.

Based on the design principles the bi-layer windmill-
shaped resonator is proposed and shown in Fig. 1. Figure 1(a)
presents the perspective view of a unit cell of this resonator,
where the two windmill-shaped metallic layers are separated
(g = 70 nm) by a silicon oxide dielectric spacer layer with
a permittivity of &y, = 2.1. The windmill-shaped metallic
layers are made of silver with a Drude-type dispersion, for
which the plasma and collision frequencies are @, = 1.367 x
107 rad/s and y = 7.73 x 10'3 rad/s, respectively, and the high-
frequency bulk permittivity €. = 6.0. The blue and red ar-
rows indicate that the x- and y-polarized plane waves prop-
agate along the forward (4z) and backward (—z) directions,
respectively. Figures 1(b) and 1(c) respectively show the first
and second layers of the windmill-shaped resonators with the
period p = 500 nm. The other geometric parameters of the

windmill-shaped resonator are set as t = 40 nm, w = 80 nm,
d = 100 nm, and s = 50 nm.

3. Results and discussion

The simulated forward and backward transmission coef-
ficients are shown in Figs. 2(a) and 2(b) with three resonant
peaks labeled I, II, and III at 195, 260, and 309 THz, re-
spectively. In Fig. 2(a), the x-polarized incident plane wave
is mostly transformed into a y-polarized output plane wave
when it propagates along the forward (4z) direction. Con-
sequently, the cross-polarization Tyfx reaches 0.75, 0.85, and
0.80 in resonant modes I, II, and III, respectively, and the co-
polarization Txfx remains less than 0.1 at all operating frequen-
cies from 195 THz to 309 THz. In addition, a y-polarized in-
cident plane wave is mostly forbidden to pass through the bi-
layer windmill-shaped metamaterial when it propagates along
the forward (4z) direction. Consequently, both the cross-
polarization T;fy and co-polarization Tyfy maintain low transmis-
sion coefficients of less than approximately 0.1, from 195 THz
to 309 THz. By contrast, Fig. 2(b) shows that the incident
plane wave propagates along the backward (—z) direction,
and the y-polarized incident plane wave is transformed into
an x-polarized output plane wave with high-efficiency trans-
mission coefficients, which satisfy 7}}; = Tyfx However, an
x-polarized incident plane wave is forbidden from passing
through the windmill-shaped metamaterial. Thus, the cross
and co-polarization satisfy T}'} = Txl; and T2 = Tyfy Accord-
ing to the above discussion, we can calculate the polarization
conversion rate (PCR) using PCR = T2 /(T2 + T;2).5'! Fig-
ure 2(c) clearly shows that broadband polarization conversion
has been realized with a bandwidth of about 156 THz, i.e.,
the PCR is greater than 0.9 in the range 192 THz-348 THz.
Over this whole resonant frequency band, the y-polarized in-
cident plane wave is transformed into the x-polarized transmit-
ted plane wave, where the co-polarization transmitted electric
field T3

»
wave propagates along the backward direction. Similarly, the

is nearly zero [Fig. 2(b)] when the y-polarized plane

x-polarized incident plane wave can be transformed into the y-
polarized transmitted plane wave, when the plane wave prop-
agates along the +z direction.

To study the tunable multi-band AT, we calculated the
total transmittance and AT parameters using equations 7, =
T2+T2/Ty=T2+ T2 and AT, = T — T? /AT, = Tf — T, and
the results are presented in Figs. 3(a)-3(c). Figure 3(a) shows
that the transmittance of the x-polarized incident plane wave
reaches 0.58, 0.74, and 0.62, at 195, 260, and 309 THz, re-
spectively, when it propagates in the forward direction. How-
ever, the transmittance remains less than 0.1 when the x-
polarized incident plane wave propagates in the backward di-
rection. The differences between the forward and backward
directions result in high AT parameters of approximately 0.52,

114216-3
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0.73, and 0.62 at 195, 260, and 309 THz, i.e., the x polarized
incident plane wave can pass through the bi-layer windmill-
shaped metamaterial in the forward direction at these reso-
nant frequencies. From Figs. 3(b) and 3(c), we find that the
y-polarized incident plane wave can pass through the bi-layer
windmill-shaped metamaterial in the backward direction.

0
160 240 320 400
Frequency (THz)
1.0
(b) T2 -A-Th

III
0.8
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Fig. 2. Simulated transmission coefficients of windmill-shaped resonators,
when x- and y-polarized plane waves incident along the (a) forward and (b)
backward directions, respectively. I, II, and III show three resonances at
195 THz, 260 THz, and 309 THz, respectively.

By studying the geometric parameters of the windmill-
shaped metamaterial, we found that the multi-band AT can be
flexibly tuned. First, Fig. 4(a) shows that the size s can eas-
ily tune resonant modes II and III, i.e., when s increases from
0 nm to 140 nm, the AT parameters decrease from 0.72 to 0.
Meanwhile, the AT parameters increase from 0 to 0.72, and
the operation bands of the AT are also broadened in resonant
mode III. In addition, Fig. 4(b) shows that the gap g between
the first and second layers can tune resonant modes I and III,
i.e., when g increases from 40 nm to 250 nm, the AT param-
eters decrease. A new resonant mode IV is induced when g
is increased. Resonant mode IV results in opposite polariza-

tion conversions and the AT phenomenon at 343 THz, where
the x-polarized incident plane wave can be transformed into a
y-polarized output plane wave when it propagates in the back-
ward direction and the maximum AT parameter is —0.6 when
g =190 nm. In other words, when g = 190 nm, the x-polarized
incident plane wave can pass through this bi-layer windmill-
shaped metamaterial along the backward (—z) direction, which
is opposite to resonant modes I, II, and III.

0.8
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© 06
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O 1
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e
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Frequency (THz)

Fig. 3. (a) and (b) The calculated total transmittances for x- and y-polarized
excitations propagating along the forward and backward directions. (c) The
AT parameters for the designed windmill-shaped resonators. Solid and hol-
low triangular lines correspond to the AT of the x- and y-polarized plane
waves, respectively.

To understand the physical mechanism of the multi-band
AT phenomenon, we studied the surface current distribu-
tions of this bi-layer windmill-shaped metamaterial in reso-
nant modes I, II, III, and IV. The horizontal red arrows in
Figs. 5(a)-5(c) represent the x-polarized incident plane wave.
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Figure 5(a) shows that resonant mode I at 195 THz is in-
duced by a design that is parallel to the split arms. Figure 5(b)
shows that resonant mode II at 260 THz is induced by the cen-
ter split rings, identical to the traditional split-ring resonators
(SRRs) without windmill-shaped arms. 214349521 The surface
current passes through the spilled s and results in a magnetic
dipole resonance; thus, resonant mode II can be easily tuned
by changing the size of s. Figure 5(c) shows that resonant
mode III at 309 THz is also induced by the design of the
windmill-shaped arms, in contrast to resonant mode I, where
the surface focuses on the two corners of the L-shaped arms,
which are included and parallel to the split arms; therefore,
the parameter s can tune resonant mode III. In other words,
resonant modes I, II, and III are induced by an x-polarized in-
cident plane wave propagating in the forward direction, result-
ing in the x-polarized plane wave passing through the bi-layer
windmill-shaped metamaterial along the forward (+4z) direc-
tion and transformation to the y-polarized output plane wave.
Figure 5(d) shows that resonant mode IV at approximately
343 THz is induced when the y-polarized incident plane wave
propagates in the forward direction, and the surface current
distributions are localized on the L-shaped arms, which are
perpendicular to the spilled arms. In addition, resonant mode
IV can only be activated when the gap g increases and the x
polarized incident plane wave can only pass through the meta-
material along the backward (—z) direction, which results in a
negative AT parameter in resonant mode IV in Fig. 4(b).

0.8

0.6

0.4

0.2

0

—0.2}

AT parameter AX

—A—s =50 nm
—0—s =100 nm

—0.4r —y—s =140 nm

—0-%60 240 320 400

Frequency (THz)

0.8

0.6}
0.4r
0.2},
0 [k T

—0.2¢

AT parameter AX

—0.4r

—0—g=250 nm

—-0.6 - .
160 240 320 400

Frequency (THz)

Fig. 4. The tunable AT effect by changing the (a) spilled width s and (b) gap
g between the first and second layers.

=309 THz

=343 THz

Fig. 5. Current distributions of the multi-band resonant modes at polarization
conversion peaks for forwarding propagation. (a)—(c) Simulated current dis-
tributions at 195, 260, and 309 THz for x-polarized incidence. (d) Simulated
current distributions at 343 THz for y-polarized incidence.

Finally, we also consider the effect of the geometric pa-
rameters p and d on the AT parameter. In Fig. 6(a), when
the period p increases from 500 nm to 800 nm, the cou-
plings among neighboring periods decrease, and thus the res-
onances in modes I, II, and III are weakened, which results
in a decrease in the AT parameters. In Fig. 6(b), we first set
p =500 nm, but set d =0 nm and 100 nm. When d = 0 nm,
the traditional SRRs without windmill-shaped arms are substi-
tuted for our bi-layer windmill-shaped metamaterial, and con-
sequently, the AT parameter only appears at 260 THz (resonant
mode II). Further, when d is increased to 200 nm, the period
also increases and, consequently, the AT parameter decreases.

0.8

0.6
0.4
0.2

—0.2¢

AT parameter AX

—0.4r

—-0.6
160 240 320 400

0.8
0.6]
0.4]
0.2]

0

AT parameter AX

—0.2

—-0.4

—#—d =200 nm

160 240 320 400
Frequency (THz)

Fig. 6. Calculated AT parameters of the bi-layered windmill-shaped split-
ring resonators for different (a) periods p and (b) windmill arm distances d.

4. Conclusion

In this study, we proposed a bi-layer windmill-shaped
metamaterial that is different from traditional SRRs, as it can
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induce more resonant modes and result in multi-band AT in
linearly polarized plane waves. The AT parameters reach 0.58,
0.74, and 0.62 at 195, 260, and 309 THz, respectively. Further-
more, the multi-band AT can be tuned freely by changing the
geometric parameters s and g. When g = 190 nm, a reversed
AT was realized at 343 THz with the AT parameter reach-
ing —0.6. To further understand the physical mechanism, the
surface current distributions of this bi-layer windmill-shaped
metamaterial are presented for the underlying resonant modes
I, I, I, and IV, respectively. It is believed that the multi-band
AT effects will be applied as polarization rotators and switches
in the field of optical nano-devices.
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