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Without using intrinsic chiral metamaterials with complex structures, here we use achiral metasurfaces
to realize giant extrinsic chirality empowered by quasi-bound states in the continuum (quasi-BICs). The
giant extrinsic chirality in the proposed achiral metasurface is mainly attributed to the breaking of the
mirror symmetry of the whole system, combining the metasurface with incident waves. The transmittance
of two different polarization states and the signs of circular dichroism (CD) can be arbitrarily controlled
by tilting the plane of the metasurface relative to the incoming waves. Remarkably, we simultaneously
select two polarization states at different bands for a certain achiral metasurface based on the symmetry-
protected dual bound states in the continuum (BICs). The measured maximum CDs approach ±0.85. In
addition, an application of the polarization-multiplexed-field image display assisted by chiral quasi-BICs
is demonstrated. This work provides a general method to control extrinsic chirality in achiral metasurfaces
and offers possibilities to design high-performance multiband spin-selective transmission, biodetection,
chemical analysis, and on-chip chiral manipulation.
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I. INTRODUCTION

Chirality, referring to a fundamental property in many
systems that cannot be superimposed on their mirror
images through rotational or translational transformation
[1], has become a research hotspot, since it has sig-
nificant applications, such as negative refraction [2–4],
biodetection and chemical analysis [5–7], optical infor-
mation processing [8], imaging [9–11], detector [12], and
broadband wave plate [13]. Recently, the active tuning
of a metamaterial [14] has been extended to dynamically
tune the chiral properties of bilayered hybrid metamate-
rials [15]. However, the chiral interactions are very weak
and hardly detectable in natural materials. Therefore, an
enhancement of chirality is highly desirable. An increasing
number of artificial chiral structures with intrinsic chirality
have been proposed to achieve strong chiroptical effects,
including chiral nanostructures [16,17], photonic crystals
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[18,19], fish-scale structures [20,21], reciprocal meta-
materials [22], folded metamaterials [23], curled meta-
surfaces [24], origami-based metamaterials [25], and
two-dimensional materials [26]. Nevertheless, chiropti-
cal effects can be enhanced not only in chiral structures
but also in achiral structures with extrinsic chirality [27].
Extrinsic chirality, i.e., achiral structures having mirror-
symmetry planes together with an incident wave form a
new system that cannot coincide with its mirror image,
and thus, the whole system is chiral. This type of achi-
ral structure, called an extrinsically chiral structure, has
rapidly developed due to its promising simple structure
design and manufacture [28–32] in comparison with the
intrinsic chiral structures.

Recently, a kind of special localized mode lying inside
continuous spectra, called the bound state in the contin-
uum (BIC), has greatly attracted researchers’ attention
[33,34]. In 1929, von Neumann and Wigner predicted
the existence of BICs in electronic systems [35]. Since
then, BICs have been demonstrated in various systems
[36–40]. There are two types of interesting BICs
observed in photonics systems, including Friedrich-
Wintgen BICs [41,42] and symmetry-protected BICs

2331-7019/21/16(6)/064018(10) 064018-1 © 2021 American Physical Society

https://orcid.org/0000-0002-9980-6885
https://orcid.org/0000-0001-9774-7693
https://orcid.org/0000-0001-5475-5183
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.16.064018&domain=pdf&date_stamp=2021-12-08
http://dx.doi.org/10.1103/PhysRevApplied.16.064018


JIAJU WU et al. PHYS. REV. APPLIED 16, 064018 (2021)

[43]. Friedrich-Wintgen BICs arise from the destructive
interference between two radiating channels [38], while
symmetry-protected BICs stem from the symmetry mis-
match between localized modes and external propagating
modes [33]. Although perfect BICs are very striking, they
are unobservable from the spectrum, since they have van-
ishing spectral linewidths, i.e., infinite quality (Q) factors.
In practice, by introducing external perturbations, perfect
BICs would collapse to sharp Fano resonances with finite
Q factors that are known as quasi-BICs with ultranarrow
resonance linewidths, which can be utilized in various
applications, such as lasers [44–46], acousto-optic mod-
ulators [47], nonlinear devices [48,49], wireless-power
transfers [50], directional light emission [51], and sen-
sors [52–54]. Therefore, an increasing variety of struc-
tures have been proposed to achieve quasi-BICs, includ-
ing photonic waveguides [43], hybrid plasmonic-photonic
structures [55,56], photonic crystal slabs [45,57–61], com-
pound grating waveguide structures [62,63], asymmetric
gratings [64–66], one-dimensional photonic crystals [67],
anisotropic materials [68], and various metasurfaces [69–
73]. Very recently, some fascinating metamaterials sup-
porting quasi-BICs were proposed to efficiently control
chirality. For example, Gorkunov et al. revealed that, by
breaking the out-of-plane mirror symmetry, quasi-BICs
can be achieved in intrinsic chiral metasurfaces [74].
Assisted by quasi-BICs with ultrahigh-Q factors, maxi-
mum intrinsic chirality can be achieved in the microwave
regime [75]. Overvig et al. showed that a pair of twisted
intrinsic chiral metasurfaces could support chiral quasi-
BICs and efficiently control the chirality [76]. Kim and
Kim revealed that, by breaking the in-plane inversion
and mirror symmetries, high-Q chiroptical resonances by
quasi-BICs in dielectric intrinsic chiral metasurfaces could
be achieved [77]. These works open a door to explore chi-
ral BICs in intrinsic chiral metasurfaces. Up to now, only
quasi-BICs with intrinsic chirality have been observed;
the possibility of extrinsic chirality governed by BICs
remains unexplored. Therefore, can we utilize quasi-BICs
to control the extrinsically chiral effect in achiral structure?

Compared to complex three-dimensional structures, the
spatial configuration and symmetry of metasurfaces can
be more flexibly designed and manufactured [78]. In
this paper, we theoretically and experimentally demon-
strate an achiral metasurface that possesses giant extrinsic
chirality empowered by quasi-BICs and simultaneously
supports two spin-selective transmission channels with
reversing selectivity at oblique incidence. The strong
extrinsic chirality arises from the combination of an achi-
ral metasurface supporting BICs and oblique incident
waves. We first transform BICs into quasi-BICs by break-
ing C2 symmetry in the achiral metasurface. Then, we
introduce chirality by breaking the out-of-plane mirror
symmetry through tilting the plane of the metasurface rel-
ative to the incoming waves. Our design exhibits a sharp

contrast in transmission between opposite circularly
polarized light, which is referred to as left circularly polar-
ized (LCP) light and right circularly polarized (RCP) light.
The maximum of measured circular dichroism (CD) is
close to ±0.85. The maximal transmittance is more than
0.87 of the chosen circularly polarized light, while its
counterpart is close to zero. Moreover, the extrinsic chi-
rality can be efficiently controlled by the tilted angle and
in the opposite direction yields the opposite sign in the CD
spectrum. Most strikingly, we also achieve double trans-
mission channels with opposite spin-selective properties
based on dual quasi-BICs at the same tilted angle. Finally,
as an example of application, the polarization-multiplexed-
field image display assisted by chiral quasi-BICs is demon-
strated. This type of achiral metasurface may provide an
avenue to design various chiral devices, including circu-
larly polarized spectral filters, spin-selective wavelength
multiplexers, and ultrasensitive biomolecular sensors.

II. MODEL AND METHOD

The schematic of the proposed achiral metasurface is
shown in Fig. 1(a). The achiral metasurface consists of
an array of metal subwavelength double-gap split-ring
resonators (DSRRs) supported by a commercial printed
substrate F4BM, which is a kind of Teflon copper-clad
laminates (εr = 2.2, tan δ = 0.009), with a thickness of
h = 1.6 mm, as illustrated in Fig. 1(b). Here, the mate-
rial of the DSRRs is selected to be Cu. The geometric
parameters of the DSRRs are selected as follows: the
length of the square resonator is l = 20 mm, the width
is w = 2.15 mm, the gap size is g = 1 mm, and the
thickness is t = 0.035 mm. The period of the unit cell
is � = 22.2 mm. The structure sample is approximately
1500 × 1800 mm2 and the size of the unit cell is smaller
than the wavelength, which indicates that diffraction can
be neglected at the normal or oblique incidence [28]. We
now consider an original subwavelength DSRR together
with the incident wave vector, as shown in Fig. 1(c). The
structure is symmetric with respect to three types of mirror
planes, namely, σ1, σ2, and out of the plane. The orig-
inal metasurface possesses neither intrinsic nor extrinsic
chirality at normal incidence, since its C2 rotational sym-
metry and out-of-plane mirror symmetry are not broken.
The structure cannot distinguish the two spin states of light
(i.e., LCP and RCP light). In other words, the transmittance
spectra of the structure are identical for LCP and RCP inci-
dent light. To obtain giant extrinsic chirality and obviously
break the spin degeneracy in the spectra, one can simulta-
neously introduce two parameters, δ (i.e., displacing one
gap from the center by a distance) and tilted angle θ (i.e.,
tilting the structure around the y axis), to establish a chiral
system that breaks all mirror symmetries, as illustrated in
Fig. 1(d).
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(a) (b)

(c) (d)

FIG. 1. (a) Schematic of the pro-
posed achiral metasurface. ω1 and
ω2 represent different operating fre-
quencies. Functionality of the pro-
posed structure is to transmit the
designated circularly polarized wave
while blocking its counterpart at the
multiband. (b) Photograph of the fab-
ricated sample. (c) Schematic repre-
sentation of a unit cell of the metasur-
face, which possesses C2 rotational
symmetry and out-of-plane mirror
symmetry. (d) Schematic representa-
tion of a unit cell of the metasurface,
which does not possess C2 rotational
symmetry and out-of-plane mirror
symmetry. δ and θ represent the offset
and tilted angles, respectively.

We consider e−iωt, the time dependence of waves propa-
gating in the positive z direction. The wave polarized along
complex unit vectors can be expressed in

e± = (ex ∓ ey)/
√

2. (1)

Here, e+ and e− correspond to RCP and LCP, respectively.
Generally, this type of transmission-reflection problem can
be described by the S-matrix equation. The key optical
parameters of chirality are CD C and optical rotation (OR)
O [29,74]:

C = |tR|2 − |tL|2 and O = arg tR − arg tL, (2)

where tR and tL are the transmission coefficients of RCP
and LCP light, respectively; arg tR and arg tL correspond
to the transmission phases of RCP and LCP light, respec-
tively. To obtain giant extrinsic chirality, the spin degener-
acy need be broken. In the following, we reveal a step-by-
step design to break the spin degeneracy by transforming
BICs into quasi-BICs and achieve chirality manipulation
in the achiral metasurface with different tilted angles.

How a true BIC is transformed into a quasi-BIC via
breaking the symmetry of the periodic structure has been
studied in detail [68–71]. Although dual quasi-BICs are
observed in an achiral metasurface by breaking C2 symme-
try at different resonance frequencies, they basically stem
from a similar mechanism. No matter whether it is a lower
or higher resonance frequency, the quasi-BICs are formed
due to the emergence of two pairs of antiresonance elec-
tric dipoles. Without loss of generality, we now shown the
higher-frequency branch. The unit cell possesses C2 sym-
metry and out-of-plane mirror symmetry, and the electric
resonance of this symmetry is described by two pairs of
dipole moments (P1, P2 and P3, P4) shown in the plane

of the drawings in Fig. 2. To estimate the two distinct
spin states of light coupling with the incident wave polar-
ized along with the unit vector e and possessing wave
vector k along the positive z axis, one can integrate the
incident-wave field with its current density [69,74]:

me ∝
∫

V1, V2

dr[j(r) · e]eik(r·ex′ )sin θ , (3)

where me is the parameter describing the coupling of two
spin states; V1 and V2 are the volumes of two branches
of DSRR, respectively. ex′ is the unit vector after tun-
ing the tilted angle, θ , of the plane of the metasurface
relative to the y axis, which can be obtained by coordi-
nate transformation. For each volume, the integral yields
the dipole moment of the corresponding branch. For all
incident-wave polarizations, the sum of the dipole moment
of each volume is zero due to symmetry protection, which
can be described as me ∝ ∑

i Pi · e = 0. As a proof of con-
cept, a schematic illustration of the dipole moments for the
RCP wave is shown in Fig. 2(a). The distribution of the
dipole moments for the LCP wave is similar, so we just
show the RCP wave. One can see that the dipole moments
cancel each other out, which means symmetry-protected
BICs occur for all normally incident waves.

The true BICs would become quasi-BICs by introduc-
ing external perturbations, δ, to break the C2 rotational
symmetry. One can obtain the parameters of coupling to
different circularly polarized waves from Eq. (3), which
can be described as me ∝ ∑

i Pi · e �= 0. Although exter-
nal perturbations, δ, break the C2 rotational symmetry (i.e.,
eliminating mirror planes σ1 and σ2), the out-of-plane mir-
ror symmetry remains, as shown in Fig. 2(b); therefore,
they are achiral at normal incidence. Another way to break
the symmetry is to introduce the oblique incidence, which
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(a) (b)

(c) (d)

FIG. 2. (a) Electric-dipole-moment distribution of BICs at
δ = 0 and θ = 0◦. Unit cell possesses C2 symmetry (i.e., mir-
ror planes are σ1 and σ2) and out-of-plane mirror symmetry. (b)
Electric-dipole-moment distribution of quasi-BICs at δ �= 0 and
θ = 0◦. (c) Electric-dipole-moment distribution of quasi-BICs
at δ = 0 and θ �= 0◦. (d) Electric-dipole-moment distribution of
chiral quasi-BICs at δ �= 0 and θ �= 0◦.

can break out-of-plane mirror symmetry together with
mirror plane σ1 when the external offset is δ = 0, the cor-
responding coupling parameters m± are equal but nonzero
at incident light with inverse polarization rotations. They
are also achiral because the structure retains mirror plane

TABLE I. Summary of extrinsic chirality assisted by
quasi-BICs in an achiral metasurface.

δ θ σ 1 σ 2

Out of
plane

Quasi-
BICs Chirality

Zero Zero � � � No No
Nonzero Zero × × � Yes No
Zero Nonzero × � × Yes No
Nonzero Nonzero × × × Yes Yes

σ2, as shown in Fig. 2(c). One can simultaneously combine
offset δ with incident angle θ to break all mirror symme-
tries, including in-plane and out-of-plane symmetries, as
illustrated in Fig. 2(d). Therefore, the whole system is com-
posed of an achiral metasurface and the obliquely incident
wave is chiral, which ensures the rise of optical chirality:
m+ �= m− �= 0 [74].

In summary, the following key routes for designing chi-
rality in achiral metasurface are identified, as shown in
Table I. One can see that, if any symmetry plane is bro-
ken, BICs become quasi-BICs, but they are achiral due to
the partial symmetry plane still being preserved. If all sym-
metry planes are destroyed, the whole system composed of
the achiral metasurface and the obliquely incident wave is
chiral.

III. RESULT AND DISCUSSION

To prove the above theoretical analysis, we con-
duct full-wave simulations, which are performed using
CST Microwave Studio using a finite-element frequency-
domain solver with unit-cell boundary conditions in the x

(a) (b)

(c) (d)

FIG. 3. Dependence of transmit-
tance spectra of the structure on
(a) offset δ and (b) tilted angle
θ . Insets represent distributions of
surface current and dipole moments
within the structure, correspond-
ing to dual BICs. (c) Simulated
transmittance spectra of two dis-
tinct spin states for different θ at
δ = 2 mm. (d) Corresponding mea-
sured transmittance spectra. Red
and blue lines represent RCP and
LCP waves, respectively.

064018-4



OBSERVATION OF GIANT EXTRINSIC . . . PHYS. REV. APPLIED 16, 064018 (2021)

(a) (b)

(c) (d)

(e) (f)

FIG. 4. Simulated surface-current distributions for (a) lower-
frequency and (b) higher-frequency branches within metasur-
faces without chiral response under LCP or RCP wave inci-
dences. Surface-current distributions for (c),(d) lower-frequency
and (e),(f) higher-frequency branches within the metasurface
with chiral responses under (c),(e) LCP and (d),(f) RCP incoming
waves.

and y directions and Floquet ports in the z direction. On the
other hand, the experimental measurements are performed
in an anechoic chamber using microwave broadband horn
antennas equipped with a vector-network analyzer (Agi-
lent PNA network analyzer N5222A). To illustrate chiral-
ity in the metasurface presented above, we first simulate
the transmittance of the achiral metasurface at normal inci-
dence as offset δ changes from 0 to 2 mm, and the transmit-
tance as incidence angle θ changes from 0° to 12° at offset
δ = 0, as shown in Figs. 3(a) and 3(b), respectively. It is
seen that the transmittance spectra exhibit dual asymmetric
Fano line shapes, which originate from external perturba-
tions δ or θ ; this breaks the symmetry of the structure. The
bound states leaking (coupling) to the propagating modes
give rise to the formation of dual quasi-BICs. As δ or
θ gradually increases, the bandwidth of the transmittance
spectra is reduced noticeably, since the coupling between
two antiresonance electric dipoles and the incoming radi-
ation becomes weak. Notably, transmittance spectra are
slightly different due to the different ways of the symmetry
breaking. The line shapes and positions of the correspond-
ing quasi-BICs depend weakly on tilted angle θ . Compared

to Fig. 3(a), the transmittance spectra of the achiral meta-
surface in Fig. 3(b) exhibit a weaker resonance feature,
which is mainly caused by the loss of the substrate F4BM.
Although the symmetry of the structure is broken in two
different pathways, the dual-symmetry-protected BICs are
the same type, which is determined by the structure itself.
As proof, in two cases, the surface-current distributions
and dipole moments for the lower- and higher-frequency
branches of BICs are shown in the insets. One can see that
the surface-current distributions and dipole moments are
identical for the lower and higher frequency branches of
BICs, respectively. The transmittance spectra of the struc-
ture are identical for LCP and RCP incident light since
symmetry planes are not completely broken, which implies
that there is no chirality.

By contrast, if we tune offset δ and tilted angle θ simul-
taneously, both of the symmetry planes can be broken
simultaneously, leading to the chiral responses, which pro-
vides transmission of one spin state of incident waves
while blocks its counterpart. We further study the depen-
dence of the transmittance on tilted angle θ when offset
δ is chosen to be 2 mm, as shown in Fig. 3(c). At nor-
mal incidence, the transmittance spectra of the structure are
identical for LCP and RCP waves. As the tilted angle of the
structure relative to the incoming wave increases, the spin
degeneracy is broken gradually. In other words, significant
difference in transmittance spectra between LCP and RCP
waves occurs. It can be observed that the transmittance
of LCP wave greatly increases at the higher frequency
branch as the tilted angle θ increases while that of RCP
wave gradually decreases. When θ = 12◦, the simulated
transmittance of LCP wave reaches 0.87 at the resonance
frequency of 9.5 GHz while the transmittance of RCP
wave is dramatically suppressed (i.e., near zero). Inter-
estingly, the situation is reversed at the lower frequency
branch, in which the quasi-BICs of achiral metasurface
reverse its chirality. The transmittance spectra of achi-
ral metasurface exhibit a strong resonance feature with
a minimum transmittance of 0.02 at 8.8 GHz for LCP
wave while maintains high-efficiency transmission up to
0.85 for RCP wave. Figure 3(d) shows the experimentally
measured transmittance spectra corresponding to Fig. 3(c).
The experimental results agree well with numerical sim-
ulations. The huge discrepancy between the two distinct
spin states of light of transmitted light manifests strong
extrinsic chiral responses in achiral metasurface.

Physically, the interaction between the achiral metasur-
face and LCP (RCP) wave can be further validated by
the surface current within the structure. Therefore, to fur-
ther understand the distinct extrinsic chiral responses at
the multiband in achiral metasurfaces, the surface-current
distributions at different resonant frequencies are plotted
and compared for two distinct spin states of light, as
shown in Fig. 4. In the case of δ = 2 mm and θ = 0◦,
the achiral metasurface strongly couples with RCP and
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(a) (b)

(c) (d)

FIG. 5. Transmittance spectra
of the structure for RCP (red
solid line) and LCP (blue solid
line) waves at (a) θ = −13.8◦
and (b) θ = 13.8◦. (c),(d) Corre-
sponding CD spectra. Solid and
dashed lines represent simulated
and experimental results, respec-
tively.

LCP waves and exhibits a double-resonance feature with
a transmittance minimum [corresponding to Fig. 3(c)].
For the lower- and higher-frequency resonances appear-
ing at around 8.8 and 9.5 GHz, the corresponding surface
currents excited in the achiral metasurface are shown
in Figs. 4(a) and 4(b), respectively. Since the out-of-
plane mirror symmetry remains [see Fig. 2(b)], no chiral
response occurs at normal incidence. In the second case of
δ = 2 mm and θ = 12◦, the achiral metasurface uncouples
with LCP light and is resonantly coupled to its counter-
part at around 9.5 GHz, while the situation is reversed
at the lower-frequency branch [see Fig. 3(c)], correspond-
ing to different chirality behavior. For the lower-frequency
branch, the interaction between the achiral metasurface
and LCP wave is much stronger than that of its counterpart,
since the surface current on the surface of the structures
is significantly enhanced, as shown in Figs. 4(c) and 4(d).
Compared with the lower-frequency branch, the interac-
tion between the achiral metasurface and the LCP wave is
weaker than that of its counterpart because the current on
the surface of the structures is highly suppressed, as illus-
trated in Figs. 4(e) and 4(f). As a result, different coupling
between the achiral metasurface and LCP (RCP) wave
yields completely reversed extrinsic chirality at different
frequencies.

To reveal strong extrinsic chiral responses and dual-
channel spin-selective transmission, the simulated and
experimental transmittance spectra of the metasurface at
θ = ±13.8◦ are plotted in Figs. 5(a) and 5(b), respec-
tively. One can see the spin-selective transmission at
different bands and the situation is reversed with the oppo-
site incidence angle. The extrinsic chirality of the meta-
surface can be quantitatively characterized according to
Eq. (2). Figures 5(c) and 5(d) show the theoretical and

experimental CD spectra of the structure for equally tilted
angles in opposite directions (θ = −13.8◦ and θ = 13.8◦),
respectively. Two reversed resonances occur in the CD
spectra, which clearly illustrate that the metasurface
exhibits distinct chirality responses at the multiband.
Figure 5(c) shows the theoretical and experimental CD
spectra of the metasurface reaching up to the maximum
values of 0.8 and 0.85 at the higher-frequency branch,
respectively, while there are two small CD peaks as low
as −0.72 and −0.81 at the lower-frequency branch, indi-
cating very strong extrinsic chirality [28,29,32]. It is worth
noting that the CD spectra for RCP and LCP waves reverse
when the angle is tilted in the opposite direction, as shown
in Fig. 5(d). In comparison with the simulated transmit-
tance spectra, the measured result appears to be slightly
shifted due to the imperfection of the structure and the
finite size of the structure. Nevertheless, this small devia-
tion will not affect the result. The experimental results still
agree well with the theoretical simulations, which prove
the validity of the model. So far, we both theoretically
and experimentally demonstrate another avenue to design
giant extrinsic chirality and multispectral spin-selective
transmission assisted by quasi-BICs in achiral structures.

Finally, to better show the giant extrinsic chirality
empowered by quasi-BICs in an achiral metasurface, we
use two enantiomers to create a pattern containing one let-
ter “T” and simulate the field distributions under LCP and
RCP wave incidences, respectively. Figure 6(a) shows the
configuration of the pattern, where the letter T is denoted
by A and the rest is denoted by B. The pattern array
is composed of 30 × 40 unit cells. Parts A and B pos-
sess different chiral responses for LCP or RCP waves.
Without loss of generality, we choose one chiral BIC at
9.5 GHz from Fig. 5(b) as the operating frequency. Figures
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(a)

(b) (c)

FIG. 6. (a) Schematic of the pat-
tern containing letter T. Insets
show the unit cells in part A and
part B. (b), (c) Simulated electric
field distributions on the metasur-
face under RCP and LCP wave
illuminations, respectively.

6(b) and 6(c) show the simulated electric field distribu-
tions on the metasurface under the RCP and LCP wave
illuminations, respectively. One can see that, under the
RCP wave incidence, as shown in Fig. 6(b), the electric
field in the letter T letter part is strong because of the res-
onant coupling between part A and the RCP wave around
9.5 GHz [corresponding to the frequency of one chiral BIC
in Fig. 5(b)], while the electric field in background part B is
weak because the chirality is very weak. For the LCP wave
illumination, the situation is reversed. The electric field in
the letter T part is weak, while that in background part B
is strong, as shown in Fig. 6(c). Therefore, the field-image
display can be flexibly tuned by changing the polarization
of the incidence waves. The switching between “on” and
“off ” states for RCP or LCP wave incidence can be real-
ized. This means that chiral quasi-BICs can be utilized in
the application of the polarization-multiplexed-field image
display.

IV. CONCLUSIONS

Herein, an achiral metasurface possessing giant extrin-
sic chirality empowered by quasi-BICs is theoretically and
experimentally investigated, when the mirror symmetry
of the whole system, combining the achiral metasurface
with incident waves, is broken. The experimental results
agree well with theoretical simulations, which prove the
validity of the model. Although our results are based on
the microwave regime, the concept of extrinsic chiral-
ity assisted by quasi-BICs can be extended to a higher-
frequency range. Moreover, the transmittance of two dis-
tinct spin states at the multiband, and the signs of CD

can be flexibly adjusted by tilting the plane of the meta-
surface relative to the incident waves. As an example
of an application, the polarization-multiplexed-field image
display assisted by quasi-BICs is also given. Our work pro-
vides a straightforward strategy to realize giant extrinsic
chirality and has great potential applications in multi-
band spin-selective transmission, biodetection, chemical
analysis, and on-chip chiral manipulation.
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[66] X. Yin, J. Jin, M. Soljačić, C. Peng, and B. Zhen, Obser-
vation of topologically enabled unidirectional guided reso-
nances, Nature 580, 467 (2020).

[67] B. Wu, J. Yang, P. S. Pankin, C. Huang, W. Lee, D. N. Mak-
simov, I. V. Timofeev, and K. Chen, Quasi-Bound states
in the continuum with temperature-tunable Q factors and
critical coupling point at brewster’s angle, Laser Photonics
Rev. 15, 2000290 (2021).

[68] J. Bresco, D. Artigas, and L. Torner, Anistropy-induced
photonic bound states in the continuum, Nat. Photonics 11,
232 (2017).

[69] K. Koshelev, S. Lepeshov, M. Liu, A. Bogdanov, and Y.
Kivshar, Metasurfaces with High-Q Resonances Governed
by Bound States in the Continuum, Phys. Rev. Lett. 121,
193903 (2018).

[70] M. Liu and D. Choi, Extreme huygens’ metasurfaces based
on quasi-bound states in the continuum, Nano Lett. 18,
8062 (2018).

[71] L. Cong and R. Singh, Symmetry-Protected dual bound
states in the continuum in metamaterials, Adv. Opt. Mater.
7, 1900383 (2019).

[72] A. S. Kupriianov, Y. Xu, A. Sayanskiy, V. Dmitriev, Y. S.
Kivshar, and V. R. Tuz, Metasurface Engineering Through

064018-9

https://doi.org/10.1103/PhysRevLett.123.116104
https://doi.org/10.1103/PhysRevB.66.045102
https://doi.org/10.1103/PhysRevLett.91.183901
https://doi.org/10.1103/PhysRevB.78.075105
https://doi.org/10.1038/nphoton.2014.75
https://doi.org/10.1038/nature20799
https://doi.org/10.1126/sciadv.abc1160
https://doi.org/10.1038/s41377-019-0231-1
https://doi.org/10.1103/PhysRevLett.108.070401
https://doi.org/10.1103/PhysRevLett.123.253901
https://doi.org/10.1103/PhysRevApplied.15.044024
https://doi.org/10.1021/acs.nanolett.0c03818
https://doi.org/10.1364/PRJ.6.000726
https://doi.org/10.1364/OL.43.001842
https://doi.org/10.1515/nanoph-2020-0582
https://doi.org/10.1103/PhysRevLett.121.253901
https://doi.org/10.1002/adom.202000898
https://doi.org/10.1103/PhysRevB.94.245148
https://doi.org/10.1038/nature12289
https://doi.org/10.1103/PhysRevLett.121.263901
https://doi.org/10.1038/s41586-019-1664-7
https://doi.org/10.1103/PhysRevLett.126.117402
https://doi.org/10.1103/PhysRevApplied.12.014028
https://doi.org/10.1103/PhysRevA.104.023518
https://doi.org/10.1021/acsphotonics.6b00860
https://doi.org/10.1103/PhysRevA.99.063805
https://doi.org/10.1038/s41586-020-2181-4
https://doi.org/10.1002/lpor.202000290
https://doi.org/10.1038/nphoton.2017.31
https://doi.org/10.1103/PhysRevLett.121.193903
https://doi.org/10.1021/acs.nanolett.8b04774
https://doi.org/10.1002/adom.201900383


JIAJU WU et al. PHYS. REV. APPLIED 16, 064018 (2021)

Bound States in the Continuum, Phys. Rev. Appl. 12,
014024 (2019).

[73] T. C. W. Tan, E. Plum, and R. Singh, Lattice-Enhanced fano
resonances from bound states in the continuum metasur-
faces, Adv. Opt. Mater. 8, 1901572 (2020).

[74] M. V. Gorkunov, A. A. Antonov, and Y. S. Kivshar, Meta-
surfaces with Maximum Chirality Empowered by Bound
States in the Continuum, Phys. Rev. Lett. 125, 093903
(2020).

[75] M. V. Gorkunov, A. A. Antonov, V. R. Tuz, A. S. Kupri-
ianov, and Y. S. Kivshar, Bound states in the contin-

uum underpin near-lossless maximum chirality in dielectric
metasurfaces, Adv. Opt. Mater. 9, 2100797 (2021).

[76] A. Overvig, N. Yu, and A. Alù, Chiral Quasi-Bound States
in the Continuum, Phys. Rev. Lett. 126, 073001 (2021).

[77] K. Kim and J. Kim, High-Q chiroptical resonances by
quasi-bound states in the continuum in dielectric metasur-
faces with simultaneously broken In-plane inversion and
mirror symmetries, Adv. Opt. Mater. 1, 2101162 (2021).

[78] Z. Guo, Y. Long, H. Jiang, J. Ren, and H. Chen, Anomalous
unidirectional excitation of high-k hyperbolic modes using
all-electric metasources, Adv. Photon. 3, 036001 (2021).

064018-10

https://doi.org/10.1103/PhysRevApplied.12.014024
https://doi.org/10.1002/adom.201901572
https://doi.org/10.1103/PhysRevLett.125.093903
https://doi.org/10.1002/adom.202100797
https://doi.org/10.1103/PhysRevLett.126.073001
https://doi.org/10.1002/adom.202101162

	I. INTRODUCTION
	II. MODEL AND METHOD
	III. RESULT AND DISCUSSION
	IV. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


