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Spin-selectivemanipulation of optical waves iswidely utilized
in various optical techniques and plays a key role in modern
nanophotonics. While numerous efficient approaches have
been applied in metasurfaces to realize spin-selective manip-
ulation of optical waves, the implementation of giant spin-
selective asymmetric transmission remains a challenge. Here,
we propose an all-dielectric metasurface to realize giant tri-
band spin-selective asymmetric transmission in the near infra-
red regime. The proposed giant spin-selective asymmetric
transmission is attributed to the excitation of overlapping
multipolar resonances in the dielectric elliptic cylinders,
which can be well manipulated by changing the structure
parameters. This research demonstrates the great potential
of all-dielectric metasurfaces for spin-selective transmission
manipulation, which provide helpful insights and intriguing
possibilities for applications in information optics, quantum
optics, optical sensing, and imaging. © 2019 Optical Society
of America

https://doi.org/10.1364/OL.44.003805

Harnessing light for modern nanophotonics applications often
involves the spin-selective manipulation of optical waves. With
great precision and exceptional capabilities for both single-
dimensional and multidimensional manipulation of optical
waves, metasurfaces have emerged as an appealing alternative
to realize giant spin-selective manipulation of optical waves,
which have attracted wide interest among the scientific com-
munity in recent years [1–3]. Recent advances in metasurfaces
prove that the implementation of spin-selective manipulation
of optical waves has a great impact in the areas of quantum
optics, information optics, optical sensing, and imaging [4–11].
Although numerous efficient approaches have been applied in
metasurfaces to realize spin-selective manipulation of optical
waves, the implementation of giant spin-selective asymmetric
transmission remains a challenge.

Spin-selective asymmetric transmission, which is associated
with circular conversion dichroism, can be widely used for the

realization of asymmetric optical filters, optical sensing, chiral
imaging, and optical anticounterfeiting [5,7,9]. However, the
implementations of spin-selective asymmetric transmission in
metasurfaces are always with low efficiency, which prevents
them from the real applications [12–15]. One way to overcome
this drawback is utilizing tapered metallic gratings or a few-
layer design, in which the interaction between nanostructures
and optical waves can be significantly enhanced [16–22]. For
example, Liu et al. demonstrated a giant mutual dual-band
spin-selective asymmetric transmission by utilizing few-layer
anisotropic metasurfaces [21]. However, this approach is not
an appealing alternative due to its complex structure design
and time-consuming top-down fabrication process. The other
way to improve the efficiency of spin-selective asymmetric
transmission in metasurfaces is utilizing all-dielectric nano-
structures [23–26]. For example, Zhang et al. experimentally
realized a giant and broadband spin-selective asymmetric trans-
mission based on asymmetric photonic spin-orbit interaction in
all-dielectric metasurfaces [25]. The implementations of giant
spin-selective asymmetric transmission in these all-dielectric ap-
proaches are either in a broadband or in a single narrow band,
so giant multiband spin-selective asymmetric transmission in
all-dielectric metasurfaces is yet to be presented. Moreover,
the spin-selective asymmetric transmissions in these approaches
are based on either asymmetric photonic spin-orbit interaction
or a single resonance mode; the realization of giant spin-
selective asymmetric transmission based on the overlapping of
multipolar resonances in all-dielectric metasurfaces still needs
to be validated.

Here, we demonstrate the use of an all-dielectric anisotropic
metasurface for the implementation of giant tri-band spin-
selective asymmetric transmission in the near infrared wave
band. The proposed all-dielectric metasurface can realize giant
spin-selective asymmetric transmission with peak values of
−0.83, −0.68, and 0.94 at wavelengths of 997 nm, 1042 nm,
and 1055 nm, respectively. By decomposing the multipolar
modes of scattering cross-sections, we prove that the proposed
giant tri-band spin-selective asymmetric transmission is attrib-
uted to the excitation of overlapping multipolar resonances in
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the dielectric elliptic cylinders. We further show that the
excitation of overlapping multipolar resonances in the dielectric
elliptic cylinders can be well manipulated by changing the
structure parameters of the dielectric elliptic cylinders, resulting
in the variation of the spin-selective asymmetric transmission.
The demonstration of giant tri-band spin-selective asymmetric
transmission, which is based on the effective modulation
of multipolar resonances in all-dielectric metasurfaces, opens
new routes for real applications in asymmetric optical filters,
optical encryption, and so forth.

A schematic of the designed all-dielectric metasurface
is shown in Fig. 1. The proposed design, which is on a SiO2

substrate, consists of two amorphous Si nanoelliptical cylinders
with sizes a1 � 150 nm, a2 � 140 nm, b1 � 90 nm, b2 �
50 nm, and h � 700 nm. The long axes of two nanoelliptical
are along the y axis and 45 deg from the y axis, respectively. The
distance d between two nanoelliptical cylinders is equal to
300 nm, and the periods of the unit cell along the x and y axes
are Px � 600 nm and Py � 500 nm, respectively. The finite
element method (COMSOL Multiphysics) had been used to
simulate, analyze, and explore the characterizations of the de-
signed metasurface. The SiO2 substrate is regarded as a lossless
material with a refractive index equal to 1.5. The optical con-
stants of amorphous Si were taken from Ref. [27]. Periodic
boundary conditions were applied in both the x and y directions
of the unit cell, and perfectly matched layers were placed in the
z direction. The overall structure was illuminated by circular-
polarized plane waves propagating along the z axis. In our theo-
retical analysis, the �z and −z directions were defined as the
forward and backward directions of propagation, respectively.

First, the realization condition of giant spin-selective asym-
metric transmission in metasurfaces is theoretically analyzed
by utilizing advanced Jones calculus [28,29]. For circular-
polarized incident waves, the generally complex amplitudes
of the incident field and the transmitted field can be related
by Jones matrix T:
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Here, the subscript “circ” of Tf
circ indicates that the Jones matrix

lies in the circular base, while the superscript “f ” indicates the
forward direction. The subscripts “+” and “−” indicate the spin
of the optical waves and represent right-handed and left-handed
circular polarization, respectively. The Jones matrix for the
backward direction then can be obtained by applying the reci-
procity theorem:
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The giant spin-selective asymmetric transmission is associated
with the circular conversion dichroism. For example, when the
amplitude of circular conversion coefficient T�− is much bigger
than the other three transmission coefficients, we can treat the
other three transmission coefficients as zero and obtain

tf� � jT f
�j2 � jT�−I−j2, (3a)

tf− � jT f
− j2 � 0, (3b)

tb� � jT b�j2 � 0, (3c)

tb− � jT b
−j2 � jT�−I�j2, (3d)

where tf�, tf− , tb�, tb− represent the transmission intensity for
optical waves with different spins propagating along the for-
ward and backward directions, respectively. Equations (3a)
and (3b) [or (3c) and (3d)] indicate the spin-selective transmis-
sion, as shown in Fig. 1(a), while Eqs. (3a) and (3c) [or (3b)
and (3d)] indicate the asymmetric transmission, as shown in
Fig. 1(b). Thus, the giant spin-selective asymmetric transmis-
sion can be realized when the amplitude of one of the circular
conversion coefficients in the Jones matrix is much bigger than
the other three transmission coefficients.

To quantitatively analyze the giant spin-selective asymmet-
ric transmission in the proposed metasurface, we simulated the
squared moduli tij � jTijj2 of four transmission coefficients
for the proposed design and calculated the asymmetric trans-
mission parameter defined as Δ � jT−�j2 − jT�−j2, as shown
in Fig. 2. Simulated results indicate that the squared moduli
of the circular conversion coefficient T−� (or T�−) is much
larger than the other three transmission coefficients at
997 nm (P1), 1042 nm (P2), and 1055 nm (P3), which result
in giant spin-selective asymmetric transmission with asymmet-
ric transmission parameters of −0.83, −0.68, and 0.94.
According to Eq. (3), when the value of Δ is negative, the
left-handed circular-polarized incident waves can pass through
the designed metasurface in the forward direction, while the
right-handed circular-polarized incident waves can pass
through the designed metasurface in the backward direction.
When the value of Δ is positive, the situation is inverted.

In order to understand the origin of the proposed giant
spin-selective asymmetric transmission, we evaluated the
optical response of the proposed design by analyzing the con-
tribution of multipole resonances in dielectric nanostructures.
Figures 3(a)–3(c) show the calculated results of scattering
properties of the proposed metasurface at P1, P2, P3 by decom-
posing the multipolar modes of scattering spectra based on the

Fig. 1. Artistic rendering of the spin-selective asymmetric transmis-
sion in the proposed all-dielectric metasurface. (a) Spin-selective trans-
mission and (b) asymmetric transmission for incident waves with a
constant spin propagating along two opposite directions.
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Cartesian multipole decomposition method [30–33]. The
decomposition calculations indicate that electric dipole (ED),
magnetic dipole (MD), toroidal dipole (TD), electric quadru-
pole (EQ), and magnetic quadrupole (MQ) are main resonan-
ces, which significantly contribute to the scattering property
of the proposed metasurface. The realization of giant spin-
selective asymmetric transmission at P1 and P2 is ascribed
to the excitation and overlapping of multipole resonance modes
when illuminating right-handed circular-polarized waves. As
shown in Fig. 3(a), the giant spin-selective asymmetric trans-
mission at P1 is mainly attributed to the excitation and over-
lapping of the TD, MD, MQ, and EQ resonance modes, in
which the TD and MD modes play a dominant role. The si-
mulated electric field distribution of the Ez component and
magnetic field distribution of the Hy component at P1 in
Figs. 3(d) and 3(g) further verified the excitation of the TD
mode, which significantly enhances the reflection of right-
handed circular-polarized waves and results in the giant
spin-selective asymmetric transmission. Compared with the
calculated results in Fig. 3(a), the giant spin-selective asymmet-
ric transmission at P2 is mainly ascribed to the excitation and
overlapping of TD, MQ, and MD resonance modes, as shown
in Fig. 3(b). The simulated electric field distribution of the Ez
component and magnetic field distribution of the Hy compo-
nent at P2 further prove that the TD resonance mode plays a
dominating role in the implementation of giant spin-selective
asymmetric transmission at P2, as shown in Figs. 3(e) and 3(h).
On the contrary, the giant spin-selective asymmetric transmis-
sion at P3 is attributed to the excitation and overlapping of
MD, TD, MQ, and EQ resonance modes when illuminating
left-handed circular-polarized waves. Figures 3(f ) and 3(i) show
the simulated electric field distribution of the Ey component
and magnetic field distribution of the Hx component at P3.
The MD resonance mode can be well observed, which plays
a dominating role in the realization of giant spin-selective
asymmetric transmission at P3.

For further understanding of the overlapping of multipole
resonance modes, we analyzed the variation of the asymmetric
transmission parameter and its peak position with the changing
of structure parameters of the proposed design in Fig. 4. As
shown in Figs. 4(a) and 4(d), P3 has a significant red shift with
the variation of the height h of the nanoelliptical cylinders. This
is because the giant spin-selective asymmetric transmission at
P3 is mainly dominated by the MD resonance mode that
has a close relation with the height of the nanoelliptical cylin-
ders, as shown in Fig. 3(f ). The positions of P1, P2, P3 are
constant with the changing of the distance d between two
nanoelliptical cylinders, as shown in Figs. 4(b) and 4(e), which
indicate that the excitation and overlapping of the multipolar
resonance modes in the proposed metasurface are weakly af-
fected by the variation of d in a certain range. On the other
hand, a new peak of the asymmetric transmission parameter
will appear with the decreasing of d , which is associated with
the excitation and overlapping of new MD, MQ, and TD res-
onance modes with left-handed circular-polarized waves. We
also analyzed the influence of the rotation angle θ of the nano-
elliptical cylinder, whose long axis is 45 deg (θ � 45°) from the
y axis in our design. The simulated results in Figs. 4(c) and 4(f )
show that the changing of the rotation angle θ will significantly
affect the positions of P1 and P2, and P2 has a more significant
red shift. The excitation of TD has a strong dependence on θ.

Fig. 2. (a) Simulated results of the squared moduli t ij � jTijj2 of
four transmission coefficients of the proposed all-dielectric metasurfa-
ces. (b) Calculated results of the asymmetric transmission parameter
Δ � jT−�j2 − jT�−j2.

Fig. 3. Calculated results of multipolar decomposition of scattering
spectra at (a) P1 with right-handed circular-polarized incident waves,
(b) P2 with right-handed circular-polarized incident waves, and (c) P3

with left-handed circular-polarized incident waves. The distribution of
the current density (red arrows) and real part of electric field compo-
nent (d) Ez in the x − z plane at P1, (e) Ez in the x − z plane at P2,
(f ) Ey in the x − z plane at P3. The direction of the magnetic field (red
arrows) and the distribution of the real part of magnetic field compo-
nent (g) Hy in the x − z plane at P1, (h) Hy in the x − z plane at P2,
(i) Hx in the x − z plane at P3.
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When θ � 0°, the excitation of multipole resonance modes
with left-handed circular-polarized waves are the same as that
with right-handed circular-polarized waves, so there is no giant
spin-selective asymmetric transmission. The results in Fig. 4
allow us to manipulate the excitation and overlapping of the
multipolar resonance modes in the proposed metasurface by
changing the structure parameters of the nanoelliptical cylin-
ders, resulting in the controlling of the giant spin-selective
asymmetric transmission.

In conclusion, we present the theoretical analysis, design
specifications, and simulated demonstration of an all-dielectric
multipolar-modulated metasurface for the implementation of
giant tri-band spin-selective asymmetric transmission in the
near infrared wave band. The simulated results indicate that
the giant spin-selective asymmetric transmission can be realized
at three different wavelengths. The giant tri-band asymmetric
transmission is attributed to the excitation of overlapping
multipolar resonances in the dielectric elliptic cylinders, which
has been well proved by decomposing the multipolar modes of
scattering cross-sections and analyzing the variation of the
working wave band with the changing of the structure param-
eters. The demonstration of giant tri-band spin-selective asym-
metric transmission in the proposed multipolar-modulated
metasurface plays an important role for further investigations
of asymmetric transmission in an all-dielectric metasurface,
which shall boost their applications in asymmetric optical fil-
ters, optical encryption, optical sensing, and so forth.
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