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A planar chiral nanostructure with asymmetric transmission of
linearly polarized wave and huge optical activity in

near-infrared band∗
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Just like an electronic diode that allows the electrical current to flow in one direction only, a kind of chiral metamaterial
structure with a similar functionality for the electromagnetic wave is proposed. The designed nanostructure that consists
of twisted metallic split-ring resonators on both sides of a dielectric substrate achieves asymmetric transmission for a
forward and backward propagating linearly polarized wave by numerical simulation in near-infrared band. Difference in
transmission efficiency of the optimized structure between the same polarized waves incident from opposite directions can
reach a maximum at the communication wavelength (1.55 µm). Moreover, the simulation results of this structure also
exhibit strong optical activity and circular dichroism.
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1. Introduction
Metamaterials have attracted extensive attention due to

their unique electromagnetic properties and applications such
as negative refraction phenomenon,[1] perfect lens,[2] invisible
cloaks,[3,4] etc. The first negative index metamaterial made
by Smith and Kroll,[5] and Smith et al.,[6] consists of two
sections: one is continuous periodic thin metallic rods which
provide negative permittivity[7] and the other is split-ring res-
onators which provide negative permeability.[8] A number of
research groups have paid attention to achieving negative per-
mittivity and permeability in recent years.[9] Another method
of realizing negative index is to use the chiral structure pro-
posed by Pendry[10] and Tretyakov,[11,12] independently. So
over the next few years, many articles about chiral metama-
terials were published.[13–22] In chiral metamaterials, neither
ε nor µ needs to be negative. What is more, it is easier to
achieve negative refractive index by using the huge optical ac-
tivity of chiral structure rather than by using the “double neg-
ative” method.

In the past few years, planar chiral metamaterial has
aroused great interest, owing to its other novel property:
asymmetric transmission. Since Fedotov et al.[23] first ob-
served asymmetric transmission phenomenon by using lossy
anisotropic planar chiral fish-scale in 2006, some sophisti-
cated models have been reported on planar chiral metamate-
rials to achieve asymmetric transmission in microwave,[24–35]

THz,[36] and even optical[37–40] frequency regions. Plum et
al.[25] demonstrated that the transmission and reflection of cir-

cular polarization waves through and from planar split-ring
microwave metamaterials depend on the incidence direction.
Kang et al.[28] reported that linearly polarized wave propagat-
ing through a certain chiral slab structure can achieve asym-
metric transmission in the microwave range. Singh et al.[36]

presented that a planar metamaterial, an array of coupled metal
split-ring resonators with a unit cell lacking mirror symme-
try, exhibited asymmetric transmission of terahertz radiation
(0.25 THz–2.5 THz) for circular polarization waves propagat-
ing through it in opposite directions. Drezet et al.[38] exper-
imentally showed that twisted planar nanostructured metallic
spiral wires could achieve asymmetric transmission for circu-
larly polarized waves in the visible domain. However, lim-
ited by the manufacturing process and experimental verifica-
tion, fewer reports about asymmetric transmission in the tera-
hertz or optical regime have come out in the literature. Unlike
the conventional Faraday effect, the planar chiral metamaterial
could also change the polarized state of the incident wave via
the interaction of an electromagnetic wave with it but requires
no magnetized media.[23,31] In addition, the conventional mag-
netic devices are often provided with the bulk volume which
are not convenient for integration and miniaturization.

In this paper, we design a planar chiral nanostructure that
consists of the twisted metallic split-ring resonators (SRRs) on
both sides of a substrate. This structure can not only achieve
huge optical activity and circular dichroism but also obtain the
asymmetric transmission of a linearly polarized wave by nu-
merical simulation. The designed structure with asymmetric
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transmission property that exhibits unidirectional transmission
of the x- or y-polarized waves in a certain direction is analo-
gous to an electronic diode that conducts current in only one
direction. Like the reported three-layer ultrathin chiral struc-
ture which can realize the functionality of an electronic diode
in the microwave regime,[30] our chiral metamaterial structure
can achieve the same function in the near-infrared band. Due
to the above properties, it provides some potential applications
in photonic devices such as isolators and circulators.

2. Theoretical analysis
Assume that a linearly polarized wave propagates through

a certain planar chiral medium. The electric field of the inci-
dent wave, on the condition that the direction of the incident
wave is along +z direction, can be expressed as

𝐸i(𝑟, t) = Ex
i e j(kz−ωt)𝑒𝑥+Ey

i e j(kz−ωt)𝑒𝑦, (1)

where k, ω , Ex
i , and Ey

i represent the propagation constant, an-
gular frequency, complex incident electric field intensities of x
and y directions, respectively. In the same way we can obtain
the transmitted wave as

𝐸t(𝑟, t) = Ex
t e j(kz−ωt)𝑒𝑥+Ey

t e j(kz−ωt)𝑒𝑦. (2)

In order to better understand the above equations, we uti-
lize the so-called Jones matrix to describe the relationships be-
tween incident and transmitted electric fields as[41](

Ex
t

Ey
t

)
=

(
txx txy
tyx tyy

)(
Ex

i
Ey

i

)
, (3)

where the first subscript indicates the polarization (x- or y-
polarized) of transmitted wave and the second subscript in-
dicates the polarization of the incident wave. Then, the total
transmissions for x and y-polarized incident wave can be cal-
culated as Tx = |txx|2 + |tyx|2 and Ty = |txy|2 + |tyy|2, respec-
tively.

The relation between linearly and circularly polarized
waves, on the assumption that the wave propagates in the +z
direction, can be given as

T+
cir =

(
t++ t+−
t−+ t−−

)
=

1
2

(
txx + tyy + i(txy− tyx) txx− tyy− i(txy + tyx)
txx− tyy + i(txy + tyx) txx + tyy− i(txy− tyx)

)
, (4)

where the superscript + refers to +z direction while the sub-
scripts cir, + and − denote circularly polarized state, right-
handed circularly polarized (RCP), and left-handed circularly
polarized (LCP) waves, respectively.

For the linearly polarized incident wave, the asymmetric
transmission parameter[40] for the x polarization is described
as

∆
(x)
lin = |tyx|2−|txy|2 =−∆

(y)
lin . (5)

For the circularly polarized incident wave, the asymmet-
ric transmission parameter can be obtained as

∆
(+)
cir = |t−+|2−|t+−|2 =−∆

(−)
cir . (6)

Owing to the sub-wavelength periodicity (the periodic
constant is 500 nm which is about one-third of the communi-
cation wavelength of 1550 nm) of our designed structure, the
chiral metamaterial does not present diffraction phenomenon
and can be viewed as an isotropic medium for the incident
wave. The optical activity can be described as the polarization
azimuthal rotation angle θ = (1/2) [arg(t++)− arg(t−−)] and
circular dichroism Λ = |T++|− |T−−|, respectively.

3. Designed chiral structure and simulation
method
The proposed chiral nanostructure is composed of two

metallic split-ring resonators on both sides of a dielectric layer
which is periodic in x and y directions while the z direction is
open for inputting and detecting plane waves. The structure is
two-dimensionally chiral because its image in a plane mirror
of the unit cell cannot be brought to coincidence with itself
unless it is lifted off the plane. We choose metallic silver as
the material of our designed SRRs because of its low loss[20]

in the near-infrared band. A schematic diagram of the unit cell
of this structure with all geometric parameters is depicted in
Fig. 1.
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Fig. 1. (color online) Geometry of the chiral unit cell.

The periodic constant c is 500 nm, and the squared sub-
strate is made of silica with a permittivity of 2.1 and thick-
ness d = 50 nm. The SRRs on both sides of the substrate
are twisted 90 degrees with respect to each other. The pa-
rameters of our designed nanostructure are as follows: length
a = b = 400 nm, top gap g = 70 nm, width w = 80 nm, and
thickness t = 80 nm. We do our simulation with finite in-
tegration technique,[29] and the unit cell as shown in Fig. 1
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is handled with periodic boundary conditions in the simula-
tion. The metallic silver is dealt with the Drude model[20]

(ωp = 2π×2175 THz, ωc = 2π×4.35 THz).

4. Numerical results and discussion
4.1. Asymmetric transmission

To begin with, we use the linearly polarized waves prop-

agating through the planar chiral nanostructure in the x and y

directions. The coefficients of linear transmission txx, txy, tyx,

and tyy are obtained as shown in Fig. 2. Figures 2(a) and 2(b)

show the transmission matrix elements of the wave propaga-

tion in backward (−z) and forward (+z) directions, respec-

tively. From Fig. 2(a), we can see that there are two resonant

peaks for cross-polarization transmission tyx, one reaches 0.9

at a wavelength of 1.69 µm, and the other reaches about 0.93 at

the communication wavelength (1.55 µm). However, the other

cross-polarization transmission txy is extremely low across the

whole wavelength range in the simulation. At the communi-

cation resonant wavelength, the difference between txy and tyx

reaches a maximum of around 0.9. From Figs. 2(a) and 2(b)

it follows that the coefficients of the co-polarization transmis-

sion txx and tyy always maintain the same manner no matter

which direction the wave propagates in. The significant dif-

ference between the two cross-polarization transmissions (txy

and tyx) may contribute to the polarization conversion of the

designed structure. When the y-polarized (x-polarized) wave

normally propagates through the slab along the +z (−z) direc-

tion, the wave is well coupled to the structure and converted

mostly into x-polarized (y-polarized) wave while the wave of

the opposite direction is hardly coupled to the structure, re-

sulting in lower conversion efficiency.[31] Since the structure

is composed of periodic subwavelength unit cells, in order to

better understand whether there exists coupling between unit

cells, we simulate the structures with different values of pe-

riodic constant c. The simulation results (not shown here)

show that both the cross-polarization coefficients and the dif-

ferences between them become smaller as the periodic con-

stant increases. That is to say, there is coupling between unit

cells in our designed chiral metamaterial structure.

Figure 3 shows the total transmissions for the y-polarized

wave which is along the two opposite directions. As shown

by the numerical simulation results, the total transmission of

the y-polarized wave which is along the forward (+z direc-

tion) can reach 0.87 while the total transmission is lower than

0.03 in the opposite direction around the resonant wavelength

(1.55 µm). The designed chiral nanostructure with this inter-

esting effect is similar to an electronic diode that can allow

the electric current to flow through it in one direction while

blocking the electric current in the opposite direction.
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Fig. 2. (color online) The coefficients of backward (a) and forward (b)
transmissions.
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Fig. 3. (color online) The total transmission spectra of y-polarized in-
cident wave propagating through the chiral structure forward (red solid
line) and backward (black dashed line).

The calculated values of the asymmetric transmission pa-
rameter ∆ are shown in Fig. 4. From this graph, we can clearly
find that the linearly polarized parameter is in sharp contrast to
the circularly polarized wave: the ∆ of y-polarized wave which
propagates from +z direction can reach about 86% around the
resonant wavelength while the parameters of the RCP and LCP
are both extremely low across the whole simulation wave-
length. Therefore, it is clear that the polarization conversion
efficiency of the linearly polarized wave is very high while the
circularly polarized wave is low.
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Fig. 4. (color online) Values of asymmetric transmission parameter ∆

for linearly and circularly polarized waves along the +z direction.

To look into the transmission efficiency for x or y-
polarized wave propagating through the chiral structure for-
ward and backward, we simulate different values of thickness
d of substrates and opening sizes (length of the top gap g)
of the SRRs. (The reason why we choose the above two pa-
rameters is that other variables such as the width of SRRs w,
permittivity of the substrate, and the kinds of metal have little
effect on the transmission coefficient.) The difference in trans-
mission efficiency of x- or y-polarized incident wave is defined
as the asymmetry factor[30] and can be calculated from the fol-
lowing expression:

Ξ =

(
Ξx
Ξy

)
=

(
T f

x −T b
x

T f
y −T b

y

)
=

(
(t2

yx + t2
xx)

f− (t2
yx + t2

xx)
b)

(t2
xy + t2

yy)
f− (t2

xy + t2
yy)

b)

)
, (7)

where the superscript f indicates forward (+z) direction and
b represents backward (−z) direction. Figure 5 illustrates the
transmission spectra of y-polarized incident wave for different
values of substrate thickness d. From this figure, one can see
that as d increases, the transmission efficiency Ξy rises, and it
can reach a maximum of 0.85 when d = 50 nm. However, as
the substrate thickness increases, the transmission efficiency
descends from the values for the thickness of 50 nm.
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Fig. 5. (color online) Transmission efficiency Ξy dependences on sub-
strate thickness for y-polarized incident wave propagating from forward
and backward directions.

Since the chiral structure achieves the highest transmis-
sion efficiency at the thickness of 50 nm, we chose this thick-
ness to examine the asymmetry factors for different SRR’s
opening sizes. Figure 6 shows the values of transmission effi-
ciency Ξy for the incident linearly polarized wave with respect
to the opening sizes of SRR. We can see that each designed
model (except for the model of g = 40 nm) with d = 50 nm
exhibits two resonant peaks across the whole simulation wave-
length. As the opening size increases, the two resonant peaks
move to the left. The bigger the opening size, the lower the
resonant wavelength is.
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Fig. 6. (color online) Transmission efficiency Ξy dependences on the
opening size of SRR for y-polarized incident wave propagating from
forward and backward directions.

To better understand the mechanism of asymmetric trans-
mission for the linear polarization wave with our designed chi-
ral metamaterial, we analyze the effect of interaction between
the nanostructure and x- or y-polarized wave which is travel-
ling through it around the resonant wavelength. Figures 7(a)
and 7(b) illustrate the surface electric field distributions for
x- and y-polarized wave passing through the designed struc-
ture backwards, respectively. It can be clearly seen that the
electric field intensity distributed in the gap of the SRR is
much stronger for x-polarized wave while there is no inten-
sity distribution in the same gap for y-polarized wave. For
the x-polarized wave passing through the nanostructure back-
wards, the first SRR can be excited efficiently at the resonant
wavelength with the wave well coupled into the nanostructure.
Then the near-field coupling effect between the first and sec-
ond SRR results in an obvious y-polarized transmitted wave
since the designed structure is two-dimensionally chiral and
possesses a huge optical activity (discussed below). However,
for the y-polarized wave travelling through the structure along
the same direction, it can hardly couple into the chiral metama-
terial due to its orientation, not even to mention the near-field
coupling effect between the two SRRs. As a consequence,
the difference in polarization conversion efficiency between
x- and y-polarized waves eventually leads to the asymmetric
transmission phenomenon.
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(a) (b) max

min

Fig. 7. (color online) Calculated surface electric field distributions for (a) x- and (b) y-polarized waves at the resonant
wavelength (1.55 µm).

4.2. Optical activity and circular dichroism

In addition, we also calculate the transmission coefficient
spectra of LCP (T−−) and RCP (T++) waves, and show the
result in Fig. 8. We can find that T−− is in sharp contrast to
T++ around the resonant wavelength: T−− reaches the reso-
nant peak while T++ obtains its lowest value at 1.73 µm. We
can see from Fig. 9(a) that the polarization rotation angle of
this nanostructure can reach about 130 degrees around the res-
onant wavelength (1.4 µm). Figure 9(b) shows that this op-
tical frequency band chiral structure also has a large circular
dichroism at the two resonances. So, according to the above
simulation results, the designed structure possesses huge opti-
cal activity.
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Fig. 8. (color online) Transmission spectra for LCP and RCP waves.
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Fig. 9. (color online) (a) Polarization azimuthal rotation angle θ and (b) the circular dichroism Λ .

5. Conclusions
In this paper, the properties of such a chiral metamaterial

composed of SRRs on both sides of a substrate are investigated
by theoretical analysis and numerical simulation. The results
show that the designed structure can achieve asymmetric trans-
mission for the linearly polarized waves in the near-infrared
band, which is similar to the function of an electric diode.
The difference in polarization conversion efficiency between

x- and y-polarized waves results in this novel property. Also,
the difference in transmission efficiency of the chiral structure
can reach 0.87 at the communication wavelength (1.55 µm)
for the x-polarized wave which comes from the +z direction
while it is less than 0.03 for the same polarized wave which
goes through the opposite direction. We also explore the trans-
mission efficiency dependences on the thickness of substrate
and the opening size of SRR, respectively. In addition, the
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designed nanostructure can also achieve polarization rotation
angle of about 130 degrees at the resonant wavelength. Owing
to the asymmetric transmission and huge optical activity and
circular dichroism of this designed structure, it provides some
potential applications in optical polarization devices such as
isolators and circulators.
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