
Chirality-selective transparency induced by lattice
resonance in bilayer metasurfaces
SHUXIA ZHAO,1 LEI SHAO,2 JIANFANG WANG,3 HAI-QING LIN,2,4 AND WEI ZHANG1,2,5

1Institute of Applied Physics and Computational Mathematics, Beijing 100088, China
2Beijing Computational Science Research Center, Beijing 100193, China
3Department of Physics, The Chinese University of Hong Kong, Shatin, Hong Kong SAR, China
4e-mail: haiqing0@csrc.ac.cn
5e-mail: zhang_wei@iapcm.ac.cn

Received 26 November 2020; revised 20 January 2021; accepted 24 January 2021; posted 25 January 2021 (Doc. ID 416015);
published 19 March 2021

Chiral optical responses of bilayer metasurfaces made of twisted metallic nanorods are investigated in detail with
focus on the collective effect due to lattice resonance (LR). Using an analytical approach based on the coupled
dipole method (supported by full wave simulation), we find optical chirality is dramatically increased by the
coupling between localized surface plasmon resonances and LR. The collective effect results in significant chiral
signal even for metasurfaces made of achiral unit cells. The interlayer coupling generally destroys the Wood’s
anomaly and the associated transparency. While making use of Pancharatnam–Berry (PB) phase and propagation
phase, one can modulate the optical activity effectively and achieve chirality-selective transparency induced by LR
in a designed structure with a g-factor of absorption as high as 1.99 (close to the upper limit of 2). Our studies not
only reveal a new mechanism of modulating chiral optical response by combination effects from PB phase, propa-
gation phase, and LR, but also give a quantitative relationship between the geometry configuration and chiral
optical properties, thus providing helpful guidance for device design. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.416015

1. INTRODUCTION

Chirality is of great importance in fundamental science,
material design, biomedicine, and so on. Chiral optics associ-
ated with natural chiral molecules is limited by the fixed geo-
metrical structure and weak optical signal mainly in the
ultraviolet (UV) range. Plasmonic clusters supporting localized
surface plasmon resonances (LSPRs) interact with visible light
strongly, which can be controlled by the shape, size, position,
and permittivity of the objects [1]. Plasmonic nanostructures
can be precisely designed with complex geometric patterns
and thus provide many opportunities for exploring light–
matter/structure interaction, in particular the chiral nature of
photonics. In the past decade, many types of chiral clusters have
been explored to study circular dichroism (CD), such as helical
particles [2,3], tetramers [4], hybrid L-shaped resonators [5],
U-shaped antennas [6,7], hybrid rod-sphere structures [8], vari-
ous dimers [9–14], and others [15,16]. Using intrinsic chiral
clusters as building blocks, chiral metamaterials/metasurfaces
[17–23] can discriminate right- and left-circularly polarized
(RCP and LCP) light, and they can even realize selective trans-
mission of different circularly polarized light [24–26].
Furthermore, 2D planar metasurfaces with extrinsic chirality
can realize asymmetric transmission/reflection [27–30] as well

as modulation of light’s wavefront, direction, and polarization
[31–34], which is promising in developing metalenses. The re-
sponses of metasurfaces of stacked layers are discussed in the
view of photonic systems [19,20,35,36]. Besides designing
nanostructures, a structured light field (superchiral light)
[37,38] is proposed to increase light–material interaction,
which is promising in amplification of chiral molecules’ CD
signal [39].

Collective effects {such as lattice resonance (LR) [40–44]}
and interference effects (such as Fano resonance [45] and
electromagnetic induced transparency) modulated by electro-
magnetic (EM) field phase play important roles in controlling
the optical properties. However, the study of the combination
of those effects in the chiral metasurface area is in the prelimi-
nary stage [22,46–51]. Many important issues need systematic
studies. For example, it is known that the geometric configu-
ration, such as the relative orientation/position of the substruc-
ture, affects the collective resonance [43,50,52], phases of the
EM field {Pancharatnam–Berry (PB) [31,53,54] and propaga-
tion phase}, and mirror symmetry breaking (related to chiral
response) [4,14,52]. Much effort is needed to investigate the
physical consequence of the interplay of these effects, the re-
sulting (chiral) optical properties, the applications in optics
modulation, and device design.
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Here we take an archetypical chiroptical nanorod dimer
[9,55] as the building block of the metasurfaces to explore
the combination effects of collective resonance and interference
on the chiral optics. Using an analytical approach based on a
coupled dipole model (CDM) and finite-difference time-
domain (FDTD) simulation, we find that the optical chirality
of the metasurface is dramatically increased by the coupling be-
tween LSPRs and LR. The collective effect results in significant
chiral signal, even for metasurfaces made of achiral unit cell-
orthogonal nanorod dimers. By using phase (PB phase and
propagation phase) modulated LR, different chiral responses
can be obtained; in particular, chirality-selective transparency
[100% transmission and a g-factor of absorption up to 1.99
(close to the upper limit of 2)] associated with Wood’s anomaly
is realized in a specially designed structure, though in general
the interlayer coupling destroys the Wood’s anomaly. Our stud-
ies reveal a new mechanism of tuning the chiral optical proper-
ties based on collective effect assisted by phase modulation (PB
phase and propagation phase), and the analytical results (veri-
fied by numerical simulation) clearly reveal the quantitative re-
lationship between the geometry configuration and chiral
optical responses, providing modern photonic applications
such as circular polarizers, optical communication, and quan-
tum information processing.

The paper is organized as follows. First we introduce the
analytical formula to calculate the transmittance of metasurfa-
ces. Second, we discuss the chirality of twisted nanorods and
LR in monolayer metasurfaces. Third, bilayer metasurfaces’
extraordinary chiral transmission induced by LR is discussed
and the general relationship between geometry and chiral op-
tical response is given. Finally, we discuss the extraordinary chi-
ral transmission of cases with higher-order resonance, square
lattices, and the optical activity beyond the coupled di-
pole limit.

2. THEORETICAL FORMULA

A. Coupled Dipole Model
The metasurface is constituted by bilayer twisted silver nano-
rods as shown in Fig. 1. The lattice constants in the x and y
directions are Λx and Λy. Here we use the general terminology

of metasurfaces without limitation of the lattice constant.
In each unit cell, θ and ϕ are the rotation angles (with respect
to the x axis) of the long axis of the nanorods in the upper layer
and lower layer, and z0 is the gap between the two layers.

For simplicity, the silver nanorods are modeled as ellipsoids,
whose long- and short-axis radii are 80 and 30 nm. The longi-
tudinal and transverse LSPRs’ resonance wavelengths are at 590
and 355 nm. In the wavelength range 450–700 nm, the dom-
inant mode is due to longitudinal LSPR. Thus, the component
of the dipole polarizability tensor along the long axis of the
nanorod is considered. Higher-order multipole modes and
transverse dipole modes are neglected. Furthermore, the dis-
tance between two rods in the nearby/same unit cell is 3 times
larger than the long/short axis radius. As a result, the CDM
[1,56] is used to describe the interaction between the nanorods:
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where PA∕B
n and EA∕B

n are the induced electric dipole moments
and incident electric field at the position of rA∕Bn �
�nxΛx , nyΛy; 0∕z0�, nx and ny are integers, and A and B

represent the upper and lower layer. F̂ A∕B ≡ PA∕B
n PA∕B

n ∕
jPA∕B

n j2 is the projection tensor. ĜAA
nm � Ĝ�jrAn − rAmj�, and

the Green’s tensor is

Ĝ�r� � �k2Û � ~∇ ~∇� e
ikr

4πr
, (2)

where k is the light momentum in free space and Û is the 3 × 3
unit tensor.

The optical response of each nanorod can be described by
the polarizability using either an analytical [57] or semi-
analytical [58] method. Here we directly use the multipole
decomposition method [59–61] to give a precise description.
This method is promising for describing nanoparticles with ar-
bitrary shape and size. The dipole polarizability can be obtained
as D∕E , where E is the electric field along the long axis of the
nanorod andD is the total electric dipole moment calculated by
the FDTD method (see subsection 2.B on FDTD simulation).
The multipole decomposition analysis indicates that the total
response of each nanorod is dominated by the total electric di-
pole moment, and higher multipoles are negligible.

Because of the periodicity in the x–y plane of the metasur-
face, the Bloch theorem guarantees the solution of Eq. (1) must
have the form PA∕B

n � PA∕B exp�ikjjrnjj� and the incident elec-
tric field EA∕B

n � EA∕B exp�ikjjrnjj�, including a phase factor
involving the incident light’s momentum component kjj par-
allel to a 2D metasurface. Specifically, kjj is zero for normal
incident light, i.e., EA∕B

n � EA∕B � E0 exp�ikzA∕B�, where
E0 is the electric field amplitude vector. We consider two cases
of �PA,PB�L∕R for left-/right-circularly polarized (LCP/RCP)
light with electric amplitude vector E0;L∕R � � 1ffiffi

2
p , �iffiffi

2
p ; 0�E0.

After some calculation, we have
Fig. 1. Scheme of the metasurface made of arrays of twisted
nanorod dimers.
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E0 êB , (3)

where êA∕B is the unit vector along the long axis of the nanorod
in the upper (A) layer and lower (B) layer. H 12�
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xx cos θ cosϕ� ĜAB
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ent layers. With the help of the Weyl identity
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ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 − q2jj

q
, and q � �qjj, kqz � an arbitrary 3D vector

in k-space, we obtain the interaction tensor as
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where r is the observation point. Using the relationship
X∞
j�0

eiqjjr
j
jj � �2π�2

A

X∞
L

δ�qjj − L�, (6)

with A the area of lattice unit cell and L the 2D reciprocal-
lattice vectors, the sum of Green’s functions in Eq. (3) can
be written as
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where klz �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2 − L2

p
and L � �L, klz� is a 3D vector. Then

we get the conditions to make Ĝ divergent, namely, k � jLj.
Furthermore, the Green’s function of the far field (rfar) due to
those dipoles is

Ĝfar � i
2A

X∞
L

k2Û − LL
klz

e−iLr∥�iklz jz−zjj: (8)

If the wavelength is larger than the lattice constant
(k < minfLx , Lyg), then all terms of the sums are evanescent,
except that for the L�0,0� � �Lx � 0 2π

Λx
, Ly � 0 2π

Λy
�, represent-

ing the electromagnetic wave propagating in the z direction. If
k > minfLx , Lyg, the transmission has higher-order �m, n� gra-
ting modes, whose directions are the same as L�m,n� �
�m 2π

Λx
, n 2π

Λy
, klz�. Finally, the far field of the (0,0) order grating

mode [rfar � �0,0,z� and z > z0] is

EA∕B
�0,0� �

X∞
j�0

G�rfar − rA∕Bj �PA∕B
j � Ĝfar

�0,0�;A∕BPA∕B

� ik
2A

eik�z−zA∕B�PA∕B: (9)

After solving the electric field, we can calculate the (0, 0)
order transmittance as

T �0,0� �
P�0,0�
Pinc

�
jE0eikz � EA

�0,0� � EB
�0,0�j2

jE0eikz j2

� 1 −
σ

A
� k2

4A2jE0j2
jPA � e−ikz0PBj2: (10)

Note that the extinction cross section (σ) in each unit cell is
of the form

σ � k
jE0j2

Im�EA	
0 PA � EB	

0 PB�: (11)

Similarly, the reflectance can be calculated as

R�0,0� �
P�R�
�0,0�
Pinc

�
jEA

�0,0� � EB
�0,0�j2

jE0eikz j2

� k2

4A2jE0j2
jPA � eikz0PBj2: (12)

The absorption of the metasurface is defined as Ab �
1 − T − R. Then the absorption g-factor g � 2�AbL − AbR�∕
�AbL � AbR�, and AbL∕R is the absorption in the presence
of LCP/RCP. The analytical approach based on the CDM gives
a clear physical picture, and the quantitative results are sup-
ported by the FDTD simulation as seen below.

B. FDTD Simulation
In FDTD simulation, the circularly polarized light is generated
by the x- and y-direction polarized plane waves with �π∕2
phase difference. For a nanorod dimer, perfectly match layer
(PML) boundary conditions are used in all boundaries of three
dimensions. For metasurfaces, the PML boundary conditions
are used in the z direction, while periodic conditions are used in
the x and y directions. The mesh cell is cube with size of 4 nm,
and silver’s refractive index in the visible light range is obtained
from Ref. [62].

To calculate the polarizability (α) of one single rod used in
CDM, we use the multipole decomposition method [59–61]
based on FDTD simulation of one rod:

p �
Z

P�r 0�dr 0, (13)

m � −
iω
2

Z
�r 0 × P�r 0��dr 0, (14)

T � iω
10

Z
f2r 02P�r 0� − �r 0 · P�r 0��r 0gdr 0, (15)

for electric, magnetic, and toroidal dipole moments, where r 0

belongs to the total ellipsoid. P�r 0� � �ϵ�r 0� − ϵ0�E�r 0�, where
E�r 0� can be directly obtained from the FDTD method. The
total electric dipole moment used in this paper is
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D � p� ik
c
T, (16)

with c the velocity of light. The polarizability is calculated as
α � D∕E , where D and E are the complex amplitudes of the
dipole moment and incident electric field in the long-axis
direction.

3. RESULTS AND DISCUSSIONS

A. Optical Responses of a Single Nanorod Dimer and
a Monolayer Metasurface: Localized Surface
Plasmon Resonance and Lattice Resonance
First we consider a single silver nanorod dimer—the building
block of the metasurface. It is known that a nanorod dimer with
twisted angle θ − ϕ � 0 or π∕2 shows no difference of extinc-
tion cross sections for LCP/RCP light incident in the direction
of the rotation axis of the dimer due to mirror symmetry
[52,55]. The extinction cross sections of a dimer with twisted
angle (θ − ϕ � π∕4) are shown in Fig. 2. Resonant peaks ap-
pear at 595/605 nm for RCP/LCP light, which manifest the
intrinsic chirality of the nanorod dimer. The very good agree-
ment between the results of the full wave simulation based on
the FDTD method [Fig. 2 (dash lines)] and those of the CDM
[Fig. 2 (solid lines)] indicates the validity of the CDM. Our
analytical theory based on CDM includes nonperturbative
(higher order of interparticle interaction) effects. To the leading
order of interparticle interaction and for kz0 ≪ 1, the chiral
optical response can be described by rotation strength in terms
of effective electric dipole moment and magnetic dipole mo-
ment (which can be obtained by multipole decomposition),
pointing out the combined role of electric and magnetic dipole
moments in chiral optical response, like that for molecular op-
tical activity.

For comparison with new features of chiral optics due to LR
in bilayer metasurfaces, we discuss the optical response of a
monolayer metasurface made of silver nanorods with a rota-
tional angle θ with respect to the x axis. The CDM gives

1

α
PA
n � F̂ A ·

�
EA
n �

X
m≠n

ĜAA
nmPA

m

�
: (17)

In the presence of normally incident LCP/RCP light, the
effective dipole moment is

PL∕R �
ffiffiffi
2

p
e�iθ

2H �θ� E0�cos θêx � sin θêy�: (18)

Since the longitudinal LSPR of the nanorod is at 590 nm,
we choose Λx � 600 nm and Λy � 400 nm for an effective
coupling between LSPR and LR. By combining with Eq. (10),
it is easy to see that the transmittances of LCP and RCP light
are the same, as expected from the symmetry consideration. As
shown in Fig. 3, the typical Wood’s anomaly line shape due to
LR [63] and transparency (100% transmission) appears at a
wavelength of 600 nm (except the case of θ � 0 ). The phe-
nomenon can be explained by Eq. (18). When λ � Λx �k �
jL��1,0�j�, ĜAA

xx is convergent and ĜAA
yy is divergent in the

denominator. So as long as sin2θ ≠ 0, PL∕R � 0 and transmit-
tance is 100% at 600 nm. As the wavelength moves away from
600 nm, two dips in the curve of transmittance may appear
under the condition Ref1∕α − ĜAA

xx cos
2θ − ĜAA

yy sin
2θg�0.

When θ � 0, the divergent term ĜAA
yy disappears, so the trans-

parency disappears.

B. Chiral Optical Response of Bilayer Metasurface:
The Combination Effects from Lattice Resonance,
PB Phase, and Propagation Phase

1. Chirality-Selective Transparency
As for bilayer metasurfaces, nanorods on the two layers may
have different rotation angles θ and ϕ. So metasurface’s intrinsic
chirality leads to different transmission for LCP and RCP light.
The transmittances of a typical bilayer metasurface are dis-
played in Figs. 4(a) and 4(c) for those from FDTD simulation
and CDM calculation. Different responses to LCP and RCP
light are clearly seen, and there is very good agreement between
the results from FDTD simulation and those based on CDM.
Interestingly, a quite different response can be found as shown
in Figs. 4(b) and 4(d) (for FDTD and CDM). Here one sees
chirality-selective transparency. To understand the physics in-
volved, it is helpful to rewrite Eq. (3) in the basis suitable for
circularly polarized light. Then one has

Fig. 2. Extinction cross sections of a dimer with twist angle π∕4 and
separation z0 � 200 nm for LCP and RCP light. Solid/dashed lines
are the results calculated by CDM/FDTD.

Fig. 3. Transmittances of monolayer metasurfaces with
θ � 0, π∕6, π∕3, π∕2 for LCP and RCP light.
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PA
L∕R � E0

2Δ�θ,ϕ� f�e
i�kz0�ϕ−θ�H 12 � ei��θ−θ�H �ϕ��êL

� �ei�kz0�ϕ�θ�H 12 � ei��θ�θ�H �ϕ��êRg,

PB
L∕R � E0

2Δ�θ,ϕ� f�e
i��θ−ϕ�H 12 � ei�kz0�ϕ−ϕ�H �θ��êL

� �ei��θ�ϕ�H 12 � ei�kz0�ϕ�ϕ�H �θ��êRg, (19)

where Δ�θ,ϕ�≡H �θ�H �ϕ�−H 2
12�θ,ϕ� and êL∕R �ffiffi

2
p
2 �êx � iêy�. In our modulation of optics by metasurfaces,
two important factors are phase and LR. We first take a close
look at various phases in the above equations. We take

PB
R � E0

2Δ�θ,ϕ� f�e
−i�θ�ϕ�H 12 � ei�kz0−2ϕ�H �θ��êL

� �ei�ϕ−θ�H 12 � eikz0H �θ��êR �g (20)

as an example to explain the origin of the phases. Obviously,
kz0 is the propagation phase for nanorod B. For normal inci-
dence, there is additional PB phase −2ϕ for the left-circular
component (in the second term). The term proportional to
H 12 is due to the interaction from nanorod A. Transforming
from coordinates associated with nanorod A to those of B
leads to a phase of ϕ − θ (in the third term). Also additional
PB phase −2ϕ for the left-circular component leads to

ϕ − θ − 2ϕ � −�ϕ� θ� (in the first term). The modulation
of the PB phase and propagation phase provides a useful
method to tune the chiral optics as shown below.

(i) The case of θ� ϕ � π.

In this case, H �θ� � H �ϕ�. �PA
L � e−ikz0PB

L� · êR �
�PA

R � e−ikz0PB
R� · êL. Under the additional condition of z0 �

λ∕2, �PA
L � e−ikz0PB

L� · êL � �PA
R � e−ikz0PB

R� · êR . Then identi-
cal transmittances for LCP and RCP light for all θ � π − ϕ
are obtained, which has been verified by FDTD simulation
(not shown here).

We then discuss LR and the related Wood’s anomaly. From
Eqs. (3) and (19), one can see that the quadratic terms of ĜAA

xx
or ĜAA

yy in the denominator of (PL,PR) are zero. So the denom-
inator and numerator only have linear terms of ĜAA

xx and ĜAA
yy . If

k � jL��1,0�j, only ĜAA
yy is divergent. In general, the divergent

terms in the denominator and numerator cancel each other out
(“∞∕∞”), leading to the disappearance of Wood’s anomaly as
seen in Figs. 4(a) and 4(c). Compared with the results of mono-
layer as shown in Fig. 3, the interlayer coupling generally de-
stroys the Wood’s anomaly and related transparency, while in
some specific conditions, the divergent terms in the numerator
may be cancelled by the phase modulation. The coefficient ĜAA

yy
in numerator for LCP��� and RCP�−� is

Fig. 4. Transmittance of a bilayer metasurface with parameters z0 � 200 nm, Λx � 600 nm, Λy � 300 nm. (a), (c) θ � π∕3 and ϕ � π∕2; (b),
(d) θ � π∕6 and ϕ � 5π∕6. (a), (b) Results based on FDTD simulation; (c), (d) those based on the CDM.
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ei�kz0�ϕ� sin θ sinϕ − e�iθsin2ϕ: (21)

Under the condition θ � π − ϕ � �π � kz0�∕2, the above
coefficient for LCP or RCP (not both) vanishes, which leads to
the recovery of the transparency induced by Wood’s anomaly
for one of the circularly polarized lights. It is the chirality-
selective transparency as seen in Fig. 4 (for θ � π∕6,
ϕ � 5π∕6, and z0 � 200 nm satisfying the condition). This
transparency is obtained by modulating the PB phase and
propagation phase [see Eq. (19)]. The nice agreement between
the results from FDTD and CDM further verifies the analysis
based on CDM.

From Eq. (21), one sees that the condition for chirality-
selective transparency depends on the geometric parameters
such as the twist angle and the separation between the nano-
rods. The phase-modulated lattice resonance and related
chirality-selective transparency are the general effect.
Changing the dimer length or the refractive index of the sur-
rounding medium leads to a shift of the frequency of the LSPR
of a single ellipsoid. The main physics of chirality-selective
transparency remains unchanged.

(ii) The case of ϕ − θ � π∕2.

It is known that a single nanorod dimer with twist angle π∕2
possesses mirror symmetry; therefore, its CD is zero [52,55].
The collective effect in the dimer arrays leads to quite different
chiral optical response. As seen in Figs. 5(a) and 5(b), the meta-
surfaces show different responses to LCP and RCP light. In
general, the difference between the responses of LCP and
RCP light is small due to the achiral nature of the unit cell.
Actually, the difference vanishes for the square lattice as shown
later. Here the dips are mainly contributed by LSPRs. For the
case shown in Fig. 5(a), where the condition of chirality-
selective transparency is satisfied, the metasurface shows signifi-
cant difference of transmission for LCP and RCP light. In par-
ticular, the metasurface is transparent, “invisible” for RCP light
with wavelength of 600 nm. Also the rods’ long-axis dipole res-
onances disappear, and a weak electric field enhancement is ob-
served in the electric field distribution shown in Figs. 5(e) and
5(f ). Much stronger electric field enhancement is obtained for
the LCP light (without transparency), and long-axis dipole res-
onances can be clearly seen in Figs. 5(c) and 5(d). The chiral
response can be characterized by the g-factor as shown in
Fig. 5(g). The FDTD simulation gives an absorption g-factor
of 1.99 at wavelength of 600 nm (very close to the upper limit
value of 2 due to the transparency). Figure 5(h) shows the
chirality-selective transparency for metasurfaces with nanorods
of different length, since the condition for chirality-selective
transparency is independent of the length of the nanorods as
seen from Eq. (21). In general, the LSPR wavelength shifts with
changing the length of the nanorods. The resonant absorption
of nanorods with long-axis radius of 82.5 nm occurs at a wave-
length around 600 nm, leading to very small transmittance at a
wavelength of 600 nm for LCP light.

In general, the phase states of transmission/reflection field
depend on the detailed geometric parameters and wavelength,
and the transmission and reflection waves are elliptically polar-
ized. Using Eqs. (3), (10), and (12), one can see that at the
lattice resonance (λ � 600 nm), transmission and reflection

waves are circularly polarized with equal electric field amplitude
in the x∕y direction for transmitted and reflected far fields. For
the RCP incident field, transparency appears, and the transmit-
ted wave possesses phase difference (phase of the electric field in
the x direction minus that in the y direction) π∕2. For the LCP
incident field, the transmission and reflection waves possess
phase difference −π∕2 and π∕2.

2. Higher-Order Lattice Resonance
Similar discussion indicates that the mechanism of chirality-
selective transparency also works for higher-order lattice reso-
nances under the conditions of k � jL��n;0�j or k � jL�0,�n�j.
An example, the transmittance of a metasurface under the
condition k � jL��2,0�j is displayed in Fig. 6(a).

The conditions for the chirality-selective transparency re-
lated to higher-order lattice resonance (k � jL�0,�n�j) are

ei�kz0�ϕ� cos θ cosϕ − e�iθcos2ϕ � 0, (22)

which leads to θ � π − ϕ � �kz0∕2.
Here we would like to point out that the chirality-selective

transparency associated with k � jL��n,�m�j (n,m ≠ 0) is
absent. Unlike the cases of LR under the conditions �k �
jL��n;0�j�∕�k � jL�0,�n�j�, both ĜAA

xx and ĜAA
yy are divergent

for k � jL��n,�m�j (n,m ≠ 0). The coefficient of the term
(ĜAA

xx Ĝ
AA
yy , Ĝ

AB
xx Ĝ

AB
yy ) in the denominator is

2 cos θ cosϕ sin θ sinϕ − �cos2θsin2ϕ� cos2ϕsin2θ�,
(23)

which is zero only for θ � ϕ. If θ ≠ ϕ, the transparency asso-
ciated with Wood’s anomaly appears for LCP/RCP light as
shown in Fig. 6(b). If θ � ϕ, the metasurface shows an achiral
response. The small dip/peak at 465.5 nm in Fig. 6(b) is LR
with k � jL��2,0�j. This wavelength is far from that for local
plasmonic resonance, so the energy transmitted is very large.
Because Eq. (21) is not satisfied, 100% transparency cannot
be achieved.

3. Bilayer Metasurface with Square Lattice
The metasurface with a square lattice (Λx � Λy) possesses
higher lattice symmetry than that with a rectangular lattice,
which brings about new/different features in optical response.
For the metasurface with a square lattice, ĜAA

xx � ĜAA
yy and

ĜAB
xx � ĜAB

yy , and the effective dipole moments are

PA
L∕R �

ffiffiffi
2

p

2

ei�kz0�ϕ�ĜAB
xx cos�θ − ϕ� � e�iθ

�
1
α − Ĝ

AA
xx

�
�
1
α − Ĝ

AA
xx

�
2
− �ĜAB

xx cos�θ − ϕ��2
E0êA,

PB
L∕R �

ffiffiffi
2

p

2

e�iθĜAB
xx cos�θ − ϕ� � ei�kz0�ϕ�

�
1
α − Ĝ

AA
xx

�
�
1
α − Ĝ

AA
xx

�
2
− �ĜAB

xx cos�θ − ϕ��2
E0êB :

(24)

There is no chirality-selective transparency because the nec-
essary condition of transparency θ � ϕ eliminates the chirality
of the structure.

In the following, we consider the case of ϕ − θ � π∕2. The
term H 12 � ĜAB

xx cos�θ − ϕ� vanishes, indicating the effective
decoupling of the upper and lower metasurfaces. Therefore, the
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Fig. 5. (a), (b) Transmittance of a metasurface with achiral building blocks [i.e., unit cell with nanorod dimer of twist angle π∕2 (θ � π∕4 and
ϕ � 3π∕4)] based on FDTD simulation. (a) Λx � 600 nm,Λy � 350 nm, z0 � 150 nm (the condition of chirality-selective transparency is sat-
isfied); (b) Λx � 400 nm,Λy � 350 nm, z0 � 150 nm (the condition of chirality-selective transparency is violated). (c)–(f ) The electric field
distribution (jE j) for nanorods A and B at wavelength of 600 nm. (c), (d) The distribution at the x–y cross-section plane with z � 0 (rod A)/150 nm
(rod B) for LCP light; (e), (f ) the distribution at the x–y cross-section plane with z � 0∕150 nm for RCP light. The other parameters are the same as
those in (a). (g) The g-factor corresponding to (a). (h) The transmittance versus the long-axis radius of the nanorods at a wavelength of 600 nm.
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bilayer metasurface shows achiral optical response like that of
the monolayer metasurface. Also, the transparency due to
Wood’s anomaly appears for both LCP and RCP light. From
Eq. (24), we find that the scattering far field Efar

L∕R ∝ PA
L∕R�

e−ikz0PB
L∕R ∝ 1

H êL∕R , with H independent of θ or ϕ. In general,
for the metasurface with a rectangular lattice in the presence of
normally incident LCP/RCP field, the transmitted field con-
tains both LCP and RCP components [see Eq. (19)]. For
the metasurface with a square lattice in the presence of normally
incident LCP/RCP field, the transmitted field contains only an
LCP/RCP component. Moreover, the transmittance is inde-
pendent of θ or ϕ.

4. Beyond Coupled Dipole Approximation
The above analytical calculations are based on CDM. The in-
terparticle distances are chosen to be larger than 3 times the
radius in the transverse direction to ensure the validity of
coupled dipole approximation, which has also been verified by
the FDTD simulations. We would like to note that some of the
results can be extended to the parameter range beyond the
coupled dipole approximation. The transmission spectra for
the cases with smaller interparticle distance are shown in
Figs. 7(a) and 7(b), where gaps between the surfaces of the
upper and lower layers are 30 nm and 15 nm. Here our
FDTD calculations show that the chirality-selective transpar-
ency still exists under the condition of Eq. (21).

4. CONCLUSION

We theoretically explore the chiral optics of bilayer metasurfa-
ces made of twisted nanorods, focusing on the collective effect
due to LR. Through detailed analytical calculation based on
CDM and FDTD simulations, we find that combination ef-
fects from LR and phase modulation (PB phase, propagation
phase) can bring about novel chiral optical responses, including
chirality-selective transparency (recovery of Wood’s anomaly)
and chiral response for metasurfaces with achiral unit cells.
The theoretical results deepen our understanding of light–
matter interaction at the nanometer scale. In particular, the ana-
lytical results (supported by numerical simulation) give a
quantitative relationship between local geometric structure,
lattice structure, and their (chiral) optical properties; for
example, the condition for chirality-selective transparency
θ � π − ϕ � π�kz0

2 . Those special properties of metasurfaces
could play important roles in optical communication,
circular dichroism spectroscopy, and quantum information
processing.
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Fig. 6. Transmittance of LCP/RCP light associated with higher-order resonance based on FDTD simulation. (a) θ � π∕4, ϕ � 3π∕4,
Λx � 1200 nm and Λy � 300 nm, z0 � 150 nm. k � jL��2,0�j. (b) θ � π∕4, ϕ � 3π∕4, Λx � 931 nm and Λy � 781 nm, z0 � 150 nm.
k � jL��1,�1�j.

Fig. 7. Transmittance of LCP/RCP light with Λx � 600 nm and Λy � 350 nm calculated by the FDTDmethod. (a) z0 � 90 nm, θ � 7π∕20,
and ϕ � 13π∕20. (b) z0 � 75 nm, θ � 3π∕8, and ϕ � 5π∕8.
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