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We proposed a sandwich structure to realize broadband asymmetric transmission (AT) for both linearly and circularly
polarized waves in the near infrared spectral region. The structure composes of a silica substrate and two sand-clock-like
gold layers on the opposite sides of the substrate. Due to the surface plasmons of gold, the structure shows that the AT
parameters of linearly and circularly polarized waves can reach 0.436 and 0.403, respectively. Meanwhile, a broadband
property is presented for the AT parameter is over 0.3 between 320 THz and 340 THz. The structure realizes a diode-like
AT for linearly wave in forward and circularly wave in backward, respectively. The magnetic dipoles excited by current
in the two gold layers contribute to the broadband AT. The current density in top and bottom metallic layers illustrates the
mechanism of the polarization conversion for broadband AT in detail.

Keywords: asymmetric transmission, metasurface, polarization conversion, trerahertz, broadband, electro-

magnetic wave, near-infrared
PACS: 42.25.Bs, 42.25.Ja, 42.79.Ci, 81.05.X]

1. Introduction

Metasurfaces are artificial subwavelength structures that
can manipulate the propagation of waves in various exotic

[1-8] Since Pendry et al.®! pointed

electromagnetic devices.
out that noble material can support surface plasmons (SPs)
in visible light range, plasmonic metamaterials have attracted
much attention of the world. Asymmetric transmission (AT)
has been a hotspot of the metamaterial fields since Fedotov
et al."" first reported a previously unknown phenomenon
in a planar chiral structure patterned for circularly polarized
waves.!!'1=13] The theory of advanced Jones calculus for ana-
lyzing AT metamaterials was proposed to resolve the differ-
ent classification of asymmetric structures.!'*13] Afterwards,
many planar metamaterial structures have been discussed from
microwave to visible light.[!1-1%1516] Mehmet e al.l'”! real-
ized diode-like AT of linearly polarized waves using mag-
netoelectric coupling and electromagnetic wave tunneling.
Many researchers were interested in the circularly polarized

s 116,18

wave ! Furthermore, to realize the AT for linearly po-

larized waves, the mirror symmetry of the planar structure
along the transmission direction must be broken down.!!7-20l
Recently, a kind of chiral structures for either linearly or cir-
cularly polarized waves were proposed to realize dual-band in
microwave frequency or broadband AT in the near-infrared,

visible band for one polarized wave.!?!-2! Even tunable AT

DOI: 10.1088/1674-1056/abb662

using new materials, such as graphene,””! VO,,[?8] omega-
shaped metamaterial,>”! and Dirac semimetals,**] was pre-
sented in the last several years.m’m However, few works re-
ported a broadband diode like AT for linearly and circularly
polarized waves in terahertz regions.

In this paper, a new two-dimensional sand-clock like chi-
ral structure is proposed to realize broad band AT proper-
ties for both linearly and circularly in near infrared region.
The structure consists of two asymmetric sand-clock like gold
films attached to the two opposite sides of a silica substrate.
Based on the SPs effect of gold in near infrared region, the
y-polarized wave is transmitted well and x-polarized wave is
blocked in the backward (—z) direction. The total transmis-
sion of the right circularly polarized wave (RCP) is forbid-
den while the left circularly polarized wave (LCP) is relatively
transparent in the forward (4z) direction. We will illustrate
the relations between AT properties and the optical activities
of both linearly and circularly polarized light in detail.

2. Theoretical analysis of the broadband asym-
metric transmission
We study an incident wave E; (r,t) = (E)’;,E)’;)Tei<kz’“”>
with angular frequency @, wave vector k, and complex am-

plitudes E! and E;, propagating through anisotropic structures
in the +z direction. Usually, the linearly polarized transmis-
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sion matrix 7" is employed to connect the generalized complex
amplitudes of the transmitted wave with the incident fields as

follows: 34

()1 (2)- (2H) () - (3) o
¢ ] = i = £ f i | = liin i -
Ey Ej T Ty ) \ By Ej

The superscript f indicates the propagation direction of
the incident wave is forward. E} and E; denote the x and y
components of the transmitted electric field, respectively. For
a medium made of reciprocal system, the transmission matrix
T for the case in the —z direction can be revised as!'

The difference in the transmittance (transmitted intensity
divided by the incident intensity) for waves propagating along
two opposite directions (in our case the forward (positive) and
backward (negative) —z direction) can be defined as the fol-

lowing expression:

( £ ]2 f]? b|? b|?
Ali)rcl) = ‘Txx’ +’Tyx - ];cx - 7;1)5
2 2
= |1t = |Th[ = —ap). 3)

Consequently, the transmission matrix of circularly polar-

. TS T _ TS, T @ ized can be expressed as the four elements of linearly polarized
fin T;)’C Tyl; —Txfy Tyf} ' ‘ transmission matrix: !4l
I <T+f+ Ti. ) _ (Tt Ty +iTy =T (T —Ty) — (T +T3) @
CONTL T ) 2\ (Th-TY) F T T (Th+Ty) — (T —T4)

In which subscripts ‘+’ and ‘—’ denote right (RCP) and
left (LCP) circular polarizations, respectively. For circularly
polarized wave, the AT effect can be expressed as

——al) )

cire *

’ 2

Fig. 1. Schematic diagram of the sand-clock AT structure.

Figure 1 shows the schematic diagram of a unit cell
and the sand-clock structure metamaterial employed in this
study. The whole structure consisting of three layers, a non-
symmetrical metallic bottom layer, the dielectric substrate
layer and symmetrical metallic top layer, endows symmet-
ric breaking along the z direction of propagation. The ma-
terial of dielectric substrate is silica with relative permit-
tivity (& = 2.1), thickness d = 60 nm, and dimension of
400 nmx 400 nm. Periodic boundary conditions are applied
to the unit cell along both x and y directions. An incident
plane wave propagating along the +z direction is considered
as the forward direction. Numerical simulations were per-
formed with commercial three-dimensional full-wave solver
(CST Microwave Studio, Computer Simulation Technology,
Germany) based on the finite element method. After para-

metric optimization, the parameters of the unit cell are as fol-
lows: a =400 nm, » = 350 nm, & = 45 nm, w = 20 nm. The
gold films (thickness ¢ = 40 nm) is dealt with the Drude model
(Wp =27 x2.175x 10" (rad/s), @ = 2wx6.5x10'? (1/s)).

3. Results and discussion

According to the theory of AT, we simulated the trans-
mission coefficients of the model in Fig. 1. After parameters
optimized, figure 2 shows the four elements of transmission
matrix both in backward (—z) and forward (+z) directions, re-
spectively.

1.0

0.81

0.61

0.4[

0.21

Transmission coefficient

0 . . n !
300 310 320 330 340 350
Frequency (THz)

Transmission coefficient

300 310 320 330 340 350
Frequency (THz)

Fig. 2. Transmission coefficients (absolute value) of (a) linearly polarized
and (b) circularly polarized waves in the forward direction.
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For the cross-polarized transmission in Fig. 2(a), T, can
reach more than 0.5 from 315 THz to 340 THz and arrive at
the maximum point 0.67 at 322.8 THz. While the magnitude
of Ty, remains lower than 0.1 almost in the whole range. The
obvious difference between T, and T, renders a strong asym-
metric transmission effect. The transmission coefficient T,
and Ty, are not equal to each other for the asymmetric gold lay-
ers on the opposite side of the substrate.!'*] The transmission
coefficients of the circularly polarized wave in Fig. 2(b) give
a high 7_ contrast to lower 7'y _ from 320 THz to 340 THz.
The clear difference between 7_, and 7'y _ represents an ev-
ident AT effect for circularly wave. Meanwhile, 7'y | is en-
tirely different from 7__ from 320 THz to 340 THz. T, al-
most reduces from 0.62 to 0 between 310 THz and 340 THz.
On the contrary, 7__ increases from 0.5 (323 THz) to 0.677
(336 THz) and descents to 0.5 till 342 THz.

According to Egs. (3) and (5), the AT parameters for both
linear and circular polarizations are depicted in Fig. 3. From
Fig. 3(a), the asymmetric transmission parameters of linearly
polarized waves attain to the maximum of +0.463 at the fre-
quency of 321.9 THz. The AT parameter exceeds 0.3 from
315 THz to 340 THz, which realizes broadband AT. Further-
more, the AT parameters of the circularly polarized waves are
) and AL ex-
cire cire
hibiting opposite sign can reach a maximum of £0.403 at fre-
quency of 328.5 THz. All these properties of the sand-clock
structure illustrate that it can support the AT both in linearly

shown in Fig. 3(b). The parameters of A

and circularly wave in a broad band.

Asymmetric transmission

300 310 320 330 340 350
Frequency (THz)

0.4
0.3
0.2
0.1
0
—-0.1
—-0.2
—-0.3
—0.4 . . . .
300 310 320 330 340 350
Frequency (THz)

Aysmmetric transmission

Fig. 3. The asymmetric transmissions of (a) linearly polarized and (b) circu-
larly polarized waves.

Figure 4 shows the total transmissions (|T7| = |T.f|? +
TP TS| = (TP + TSP 2, T = (ITE P+ T8 )2,

and |TT| = (|Tf_|> + |TL_|?)'/?) of all polarizations in the
+7 (—2) direction.**! For linearly polarized wave in Fig. 4(a),
the total transmission of the y-polarized wave in the backward
(—z) direction reaches the maximum of 0.83 in the simula-
tion, however, the total transmission of the x-polarized wave is
nearly zero from 320 THz to 345 THz. These results indicate
that the y-polarized wave transmits well and the x-polarized
waves are forbidden in the backward direction.>3! This ef-
fect is similar to an electronic diode that can allow the elec-
tric current to flow through it in one direction while blocking
the electric current in the opposite direction.!%1?] While the x-
and y-polarized waves have no significant ‘zero’ versus ‘large’
transmission difference along the opposite direction (+4z) in
the whole region.
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Fig. 4. Total transmission of (a) x and y linearly polarized waves, and (b) left
and right circularly polarized waves in forward and backward directions.

Observing the total transmission results of circularly po-
larized wave in Fig. 4(b), the total transmission of the RCP
is lower than that of the LCP from 320 THz to 340 THz in
the forward direction. The total transmission of the LCP can
reach to the maximum 0.82 while that of the RCP is close to
zero in the forward direction. Then, the structure can become
a polarization isolator for the RCP wave. The large difference
between forward and backward comes from the AT index in
Fig. 3. Therefore, the structure can be designed as an AT diode
for the backward y linear wave and the forward LCP circular
wave respectively.

4. Origin of the asymmetric transmission

The physical origin of this broadband AT effects, the cur-
rent density of the hybridized plasmon mode excited by lin-

014201-3
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early and circularly polarized waves at different frequencies
is demonstrated in the following Fig. 5. The black arrows
represent the current density direction in the metallic layers.
An electromagnetic field causes the excitation of an electric

(a) z-polarized wave
321.9 THz

bottom

(c) left circularly polarized wave
335.3 THz 335.3 THz

dipole with parallel currents and a magnetic dipole with anti-
parallel currents. The interaction between a magnetic dipole
and an electric dipole will result in the strong coupling and

high transmission. [3]

(b) y-polarized wave

Fig. 5. Current densities of linearly and circularly polarized waves in metallic layers for (a), (b) 321.9 THz and (c), (d) 335.3 THz, respectively.

To further research the mechanism of the broad band AT,
we analyzed the current densities distribution when the plane
wave propagates through the chiral sand-clock structure at the
resonant frequency 321.9 THz and 335.3 THz in Fig. 5, re-
spectively. From Figs. 5(a)-5(d), when an arbitrary polarized
wave is incident to the structure, the magnetic dipoles are ex-
cited by the current density aligned anti-parallel between the
top and bottom metallic layers.[!>3¢] The magnetic dipoles
lead the whole broadband AT from 300 THz to 340 THz. From
the current density on the neck part of the sand-clock structure
at 321.9 THz, it is easily found that the couple intensity of the
y direction contributes stronger than that of the x direction for
both polarized waves, which results in higher transmission for
backward y-polarized in Fig. 4(a). In Figs. 5(c) and 5(d), the
current directions of left-polarized and right-polarized waves
are consistent with each other at 335.3 THz. This indicates the
left-polarized waves coupling with the current very well can
be transmitted through the structure while the right-polarized
waves are reflected in the backward direction as shown in
Fig. 2(b).

5. Conclusion and perspectives

In this work, we designed a sandwich structure with two
gold layers on silica substrate to realize AT both for the linear

and circular polarization in the region of the near infrared re-

gion. The AT parameters exhibited the structure can support
broad band AT both for linear and circular polarization from
315 THz to 340 THz. The total transmission properties of
the linearly and circularly polarized waves showed the diode
like AT for linear polarization which can transmit y-polarized
wave and block x-polarized wave in the backward direction.
Furthermore, the RCP was forbidden, and the LCP was rel-
atively transparent from 320 THz to 340 THz in the forward
direction. In addition, we demonstrated the current density
distribution of the two polarized waves at different frequen-
cies to present the physical mechanism of AT. The structure
may find potential applications in terahertz devices, such as

terahertz isolators, polarizer, and so on.
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