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Perfect intrinsic and nonlinear chirality simultaneously driven by half-integer topological charge
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Bound states in the continuum hold extraordinary optical topological properties and can significantly enhance
the interaction between light and matter including the circular dichroism (CD) in chiral resonant metasurfaces. In
this paper, we demonstrate the split and displacement of topological charges through tilted double-elliptical half-
disk metasurfaces. It enables the feasibility to attain perfect intrinsic chiroptic responses, with a CD exceeding
0.99. The ellipticity () ) of the intrinsic chiroptic response, induced by vertical incidence, is also ~1. In addition
to linear chirality CD, significant near-field enhancement contrast is observed at the positions of half-integer
topological charge, leading to remarkable nonlinear CD approaching a nearly perfect value of 1. The proposed
metasurface simultaneously possesses perfect intrinsic chirality and nonlinear chirality, providing an avenue for

the multifaceted development of planar optical devices.
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I. INTRODUCTION

Chirality is a fundamental property of objects, describ-
ing the inability of an object to be superimposed onto its
mirror image through geometric translation. Chiral structures
are ubiquitous in chemistry, biology, and daily life, whether
at the macro scale, such as the spiral structure of the uni-
verse and galaxies and shells, or at the micro scale, such
as spirulina, amino acids, and DNA [1-5]. It is not only a
structural feature of many molecules but also a prerequisite for
many evolutions in nature, so studying chirality has broad and
important significance in science and engineering. In optics,
chirality manifests as chiroptical effects. Unique differences
in intensity and phase responses can occur [6,7] when a chi-
ral object interacts with left-circularly polarized (LCP) and
right-circularly polarized (RCP) light. The difference in the
total transmission of LCP and RCP is commonly described
as the circular dichroism (CD) of the object [8,9]. However,
the optical chiral response in natural materials is often weak
and challenging to be observed. In recent years, with the rapid
development of nanofabrication techniques, artificial nanoma-
terials have provided opportunities for optical chirality [10].
These nanomaterials can guide and enhance optical chiral
responses. Several research reports have pointed out that com-
plex three-dimensional (3D) twisted structures or multilayer
structures can achieve optical chirality by breaking multiple
mirror symmetries [11,12]. However, fabricating these struc-
tures often requires highly precise control over manufacturing
tolerances and interlayer structures, posing challenges for cur-
rent nanofabrication technologies.
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In recent years, there has been growing interest in the
optical chirality generated by two-dimensional (2D) chiral
metasurfaces. Compared with 3D metamaterials, such meta-
surfaces are easier to manufacture while retaining exceptional
capabilities in manipulating the propagation of light waves.
Typically, high CD can be achieved in metasurfaces by break-
ing the mirror symmetry within the structural plane and
introducing external configurations (oblique incidence). Chi-
rality is inherently a 3D property, and 2D planes cannot
break their out-of-plane mirror symmetry. Chirality is rela-
tively weak in single-layer metasurfaces. Recent studies have
also suggested that the observed optical chirality effects are
realized in nonintrinsically chiral structures [13—16], referred
to as extrinsic chirality (pseudochirality) [17]. The chiroptical
effects may be observed as long as the arrangement of these
metasurfaces cannot be simply superimposed on its mirror
symmetry axial plane [18,19]. However, with a few excep-
tions [20,21], due to considerations of symmetry and Lorentz
reciprocity [22,23], transformations of any chiral light are
possible even if the metasurfaces exhibit CD in this process.
It leads to the emitted light typically being in elliptically
polarized states [22,24-27]. Clearly, such external chirality
has certain limitations in practical applications.

The unique topological polarization properties of bound
states in the continuum (BICs) provide a research platform
in the field of nanophotonics. BICs are considered dark states
existing in the radiation continuum with an infinite quality fac-
tor [28]. This concept originated in the framework of quantum
mechanics and was later extended and applied to various wave
systems in classical physics. BICs can be formed through pre-
cisely designed periodic nanostructures. In essence, there are
multiple modes of interference cancellation inside a quantum
well, identified as a vortex polarization singularity (V point)
in topological optics, which remains unobservable in the far
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field [29-33]. By introducing external perturbations such as
oblique incidence and breaking the in-plane symmetry of the
structure, a radiative channel coupled to free space can be
introduced, leading to resonances with high quality factors (Q
factors). It is called quasi-BIC (q-BIC) mode, often resulting
in features like Fano resonances or electromagnetic-induced
transparency in the spectrum [34,35]. Recently, Chen et al.
[17] discovered that photonic crystal slabs created through
tilted trapezoidal etching can move specific polarization sin-
gularities in the momentum space system of BICs, enabling
the realization of intrinsic chirality in a relatively simple man-
ner. On the other hand, g-BICs enable photon localization,
providing an excellent platform for manipulating light-matter
interactions [36]. This characteristic has found wide applica-
tions in various fields, including the enhanced optical chiral
emission [37,38] and chiral nonlinear effects [39-42].

In this paper, we propose a chiral metasurface with
intrinsic chirality composed of two silicon elliptical half-disks
arranged in a dimer configuration with tilted etching design.
Based on the topological properties of BICs, the in-plane C3
symmetry and out-of-plane mirror symmetry of the structure
can be broken simultaneously by controlling the axial
length of the semiellipse and the tilted metasurface, thereby
achieving the splitting and displacement of topological
charges, thus giving the metasurface excellent intrinsic chiral
effects. At positions corresponding to half-integer topological
charges (C points), the CD values exceed 0.99, and the
ellipticity of the intrinsic chirality obtained under normal
incidence approaches 1. By reversing the tilt direction,
the sign of CD can be changed to obtain different chiral
responses. Particularly, owing to the unique properties of the
C point in the g-BIC, the metasurfaces exhibit huge nonlinear
CD. At the C point resonance positions, the nonlinear CDs for
both the third harmonic generation (THG) and fifth harmonic
generation (FHG) approach 1. The results provide an avenue
for simultaneously achieving intrinsic and nonlinear chirality
and can be expected for chiral light sources and detectors,
chiral sensing, and other fields.

II. RESULTS AND DISCUSSION
A. Structure and model

The chiral metasurface considered is illustrated in Fig. 1,
consisting of periodically arranged Si double-elliptical half-
disks on an SiO, substrate. The refractive indices of Si
and SiO, are referred to as the data indicated in the Pa-
lik handbook. Above the metasurfaces, there is a layer of
electron-beam resist [polymethyl methacrylate (PMMA)] to
maintain refractive index symmetry in the environment above
and below the metasurfaces. In this paper, three sets of meta-
surfaces with different parameters have been designed to
systematically investigate the half-integer topological charges
with the purpose of simultaneously driving intrinsic and non-
linear chirality. We conducted numerical simulations using
the wave optics module in the COMSOL Multiphysics simula-
tion software. Following the simulation method described in
Refs. [40,43], a wavelength-domain solver was employed in
this process to calculate the spectrum of the metasurface, with
the silicon metasurface placed within a rectangular spatial

FIG. 1. Schematic diagram of the planar silicon metasurface,
consisting of double-elliptical half-disk dimer unit cells on a quartz
substrate. Circularly polarized light is incident along the z direction,
perpendicular to the surface. The bottom right corner displays the
basic parameters of a single unit cell. Geometric parameters: Period
a = 800 nm, distance between the left and right elliptical half-disks
is 50 nm, height 4 = 260 nm, major axis r; = 295 nm, and initial
minor axes r, = r3 = 235 nm.

domain. Circular polarization excitations and detection ports
were set on both sides in the z direction, where incident waves
were generated as RCP and LCP waves through periodic
ports 1 and 2 at the top of the modeling domain. These ports
also recorded reflected LCP and RCP waves. Detectors at the
bottom of the domain (periodic ports 3 and 4) recorded the
transmitted RCP and LCP waves. Additionally, perfect match-
ing layers were added as boundary conditions, serving as
absorbing media to ensure no spatial reflection of electromag-
netic waves at all frequencies and incident angles. Continuous
distributed Floquet periodic boundary conditions were set up
in the x and y directions to simulate the replication of the
infinite planar array of unit cells and compensate for phase
differences under oblique illumination. Furthermore, we uti-
lized the eigenfrequency solver to calculate the eigenmodes
and Stokes parameters of the planar silicon metasurface, thus
simulating the process of splitting and displacement of topo-
logical charges. The results obtained from these two solvers
can be mutually validated.

B. Intrinsic chirality empowered by half-integer
topological charges

To analyze its chiral physical origin, an eigenfrequency
solver is used to compute the modal characteristics of the
metasurface in momentum space. When the short axes of the
two elliptical half-disks on the metasurface are equal, satis-
fying the in-plane inversion symmetry (x, y) — (—x, —y), the
band structure and Q factor are shown in Fig. 2(a). Clearly,
the metasurface can support an ideal symmetrically protected
BIC with an infinite Q factor at the I" point (k, = k, = 0). At
this point, the I'-BIC is entirely embedded in the continuum,
corresponding to specific high-symmetry points in recipro-
cal space. This can be described as interference cancellation
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FIG. 2. (a) The band structure and associated Q factors of the metasurface composed of double-elliptical half-disks along the M-I"-X
(kya/2m) direction. (b) Transmittance spectra for different geometric asymmetry parameters «. (c) Resonant Q factors and their dependence on
geometric asymmetry parameter ¢, with a fitting of the inverse quadratic law shown by the black dashed line. Insets in the top right and bottom
left corners depict the normalized electric field (|E|) and magnetic field (|H]) distributions dominated by the magnetic dipole (MD) mode under
the g-BIC mode. (d) Maintaining the geometric asymmetry parameter « at 0.045, the transmission spectrum and circular dichroism (CD)
spectrum obtained by tilting the double-elliptical half-disk unit cells (¢ = 6°), where T,,., T},, Tj;, and T, are the transmission components
defined by the Jones matrix, and the inset illustrates the direction of the tilted metasurface. (e) and (f) Contributions of electric dipole (ED),
MD, electric quadrupole (EQ), magnetic quadrupole (MQ), and toroidal dipole (TD) to the far-field radiation for right-circularly polarized

(RCP) and left-circularly polarized (LCP) incidences.

occurring in a mixed system composed of continuous and
discrete states, rendering it unobservable in the far field. By
shortening one of the ellipse short axes (r3), the C; symmetry
of the metasurfaces is broken, defining the geometric asym-
metry parameter as the ratio of the perturbed area to the initial
area o = AS/S, where AS =nari(r, —r3) and S = mrr;.
Figure 2(b) illustrates the relationship between the transmis-
sion spectrum and «. When « # 0, the radiative channel of
the BIC opens due to structural symmetry mismatch, and the
BIC collapses into a q-BIC coupled to free-space radiation.
As o increases, the resonance linewidth gradually increases.
Figure 2(c) also illustrates the relationship between the Q
factors and «. The well-fitted results closely follow the ex-
pected law of Q ~ a2, which is a distinctive feature of the
g-BIC metasurface. This confirms that the symmetry-breaking
approach aligns with the established BIC framework driven by
C points in chiral configurations. It is noteworthy that, at this
point, the g-BIC state is like most 2D metasurface-supporting
g-BICs. Although it breaks the inversion symmetry (in-plane
C5 symmetry), there is still a mirror plane (o, symmetry) per-
pendicular to the surface normal, making them geometrically
nonchiral and resulting in no optical chirality response. At
this point, by tilting the 2D metasurface along the y direc-
tion, the remaining mirror symmetry of the metasurface is
broken, where the tilting angle is defined as ¢. This additional
tilt introduces a perturbation and disrupts the o, symmetry
of the metasurface, endowing it with customizable intrinsic

chirality. Figure 2(d) shows the transmission and CD spectra
of the chiral metasurface with o« = 0.045 and a 6° tilt in the
positive y direction. Here, chiral CD is defined as the transmit-
tance difference between different Jones matrix components
under RCP and LCP incidence in circularly polarized bases
[24,44,45]:

T+ T = T+ T)
(Tll +Trl)+ (Trr + Tlr)’

where r and [/ represent RCP and LCP plane waves, respec-
tively. Here, T;; (i =, r; j = [, r) denotes the transmittance
for polarization i relative to polarization j. The intrinsic chi-
rality BIC results in high-Q resonances with a CD exceeding
0.99 and a linewidth of 1 nm. Typically, high CD in nonin-
trinsic chirality cases is attributed to large cross-polarization
waves (7, and T,;) [45,46]. This results in elliptically po-
larized outgoing light, while intrinsic chirality undergoes no
polarization conversion. This implies that the metasurface
reflects all incident RCP waves from one side as counterprop-
agating waves with the same polarization while remaining
transparent to all incident LCP waves, as shown in Fig. 2(d).
At this point, the metasurface acts as a perfect selectively
chiral light reflector. Further support for this conclusion is
provided by the reflection spectra regarding intrinsic chi-
rality and the temporal coupled mode theory (see Secs. 1
and 2 in the Supplemental Material [47]). To quantify this
copolarized transmission selectivity, we can introduce the

ey
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transmittance difference: AT = T;; — T,,. At the C point,
AT =1, which means that the C point can block specific cir-
cular polarization components (7, T,,). If there is polarization
conversion on the geometrically nonchiral metasurfaces, AT
will disappear. Figures 2(e) and 2(f) illustrate the multipole
analysis (multipole moments formula detailed in Sec. 3 in
the Supplemental Material [47]) in the Cartesian coordinate
system for RCP and LCP normal incidence at the intrinsic
chirality q-BIC. The resonance is primarily supported by
magnetic dipole (MD) moments, as accurately identified by
observing the electromagnetic field distribution in Fig. 2(c).
However, notably, the multipole scattering intensity for RCP
incidence is more than three order of magnitude higher than
that for LCP incidence, indicating strong coupling for RCP
and decoupling for LCP when interacting with the chiral
metasurfaces.

Topological charge is closely related to polarization vortex
singularities in momentum space, which can connect or map
the topological properties of energy bands into the radiation
field. For nondegenerate in-plane wave vectors k), = (k.k,)
above the light line and below the diffraction limit, only the
wave vectors k|| with the same in-plane orientation (zero-
order Fourier components) are compatible with the radiation
waves. The far-field radiation to the plane of polarization
vectors is represented as [30,52]

dp) = B kdS Tk dS
7ds rds

where E(r, k)) represents the polarized electric field of
far-field radiation, and § is the scattering cross-section.
The electronic Bloch eigenfunctions d(kj) of I'-BICs in
momentum space possess extraordinary topological prop-
erties. Their high-symmetry points are considered polar-
ization singularities, manifesting as a polarization vortex
center in the far field, inevitably carrying an integer topo-
logical charge. The topological invariant g is described
as [30,33]

@

1
9= 7€ dk) - Vi, o (K))). 3)
T Jc

Topological charge describes the number of times the
polarization vector wraps around a polarization singularity,
where C is a closed loop in K space that encircles the po-
larization singularity counterclockwise. The orientation angle
p(ky) = Sarg[Si(k))) + iS2 (k)] describes the angle between
the major axis of its polarization ellipse and the x axis, where
S; is the Stokes parameter of d(kj) (see definition of S; pa-
rameters in Sec. 3 in the Supplemental Material [47]). Figure
3(a) illustrates the evolution of the eigenpolarization states in
momentum space with perturbations ¢ and ¢. In the absence
of geometric perturbation, a polarization vortex singularity (V
point) associated with a BIC can be observed at the I" point.
The V point exhibits a cross-polarization cancellation, making
the polarization ambiguous in the far field. The polarization
vortex exhibits a circular distribution, with its center carry-
ing a topological charge of ¢ = +1. Once a perturbation «
is introduced, breaking the in-plane inversion symmetry, the
electromagnetic fields of the metasurface are perturbed. At
this point, the V point (Sp, Si1, S, S3 = 0) rapidly splits into
two C points (S;, S» = 0) carrying g = —}—%, distributed on

both sides and pointing along the k, direction in k space. The
C+ and C— points represent the intrinsic RCP and LCP states,
respectively. They strongly couple with circularly polarized
light in free space in the far field. However, the splitting as-
sociated with the V point inevitably causes them to shift away
from the I" point, resulting in a lack of far-field directionality.
Due to the split C points being away from the I" point along
the k, direction, it can be inferred that the intrinsic chirality
appears in a tilted manner along the y direction, according
to the points of mutual coupling in k space. As shown in
Figs. 3(b) and 3(c), keeping o = 0.045 and introducing per-
turbation ¢, the eigenpolarization pattern also moves with
the structural tilt direction. It is noteworthy that this entire
process satisfies the conservation of energy, with the to-
tal topological charge remaining constant. For o and ¢ at
appropriate positions (¢ = 0.045, ¢ = +6° and o = 0.045,
¢ = —6°), the C4/C— points can be precisely positioned
at the I' point, with the ellipticity ~1 (details in Sec. 4 in
the Supplemental Material [47]), thus achieving characteris-
tic chiral BIC at the C+/C— point. Figures 3(d) and 3(e)
display the topological distribution of the orientation angle
(¢) at the I'-BIC and g-BIC points. The C and V points
manifest as Stokes phase vortices. The V point has a ¢ = +1
topological charge, simultaneously providing an optical phase
vortex with [ = 2g = 2 counterclockwise rotations around
the V point. The C point has a g = +% topological charge,
providing an optical phase vortex with [ =2¢ =1 coun-
terclockwise rotation around the C point. The polarization
vortex centers precisely correspond to the positions of the
C and V points in momentum space. It is the intrinsic spin
angular momentum with / =1 of the C4/C— points that
manifests this extreme chirality, and the displacement of the
C point by the tilted metasurfaces make this intrinsic chirality
achievable.

Additionally, the o, symmetry of the system can be
disrupted through external conditions (nonnormal incident
circularly polarized light). Figures 3(f) and 3(g) display angle-
resolved transmission spectra under perturbation («¢ = 0.045,
¢ = 0), respectively, for RCP and LCP incidence. The direc-
tion of the incident light tilt corresponds to the k, direction
along the y axis. At this point, a certain angle forms between
the incident plane and the mirror line perpendicular to the
metasurfaces, also disrupting the o, symmetry of the system.
In the k, direction, the intrinsic polarization of the opposite
helicity is maintained. The nature of optical chirality is de-
termined by the degree of coupling between the eigenstates
of different helicities and the circularly polarized light in
free space. The metasurfaces selectively transmit circularly
polarized light of opposite directions when incident angles
for RCP and LCP are —4° and +4°, respectively, confirming
the presence of C+ and C— points, validating the selec-
tive coupling of the C points to circularly polarized light.
This also means that the CD response of the metasurfaces
can be obtained by oblique incidence, and oblique inci-
dence in the opposite direction will produce CD values with
opposite signs.

The different tilting directions of the metasurfaces can
cause the C points to shift in different directions. As shown in
Figs. 4(a) and 4(b), they respectively display the transmission
peak curves and CD spectra for RCP and LCP with different
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FIG. 3. (a) Eigenpolarization diagrams during the variation of metasurface parameters @ and ¢, where the blue and red ellipses represent
left- and right-handed eigenpolarization states, respectively, and the black lines indicate the intrinsic linear polarization state. (b) and (c)
Keeping o = 0.045 constant, the relationship between the position of the C point in momentum space and the tilt angle ¢. (d) Topological
distribution of the orientation angle ¢ surrounding the V point with ¢ = +1. (e) Topological distribution of the orientation angle ¢ surrounding

1

the C point with g =

5+ () and (g) Under fixed geometric perturbation at o = 0.045, angle-resolved transmission spectra of right-circularly

polarized (RCP) and left-circularly polarized (LCP) light under nonnormal incidence are observed, encompassing C+ and C— points.

perturbation parameters. This is consistent with the predicted
evolution of the eigenpolarization states. When « = 0 and
¢ = 0, the BIC state is completely embedded in the contin-
uous spectrum, and the eigenstates are fully decoupled from
all normally incident plane waves, resulting in no radiation
loss. When o = 0.045 and ¢ = 0, the V point splits into
two C points with opposite helicities, but due to the presence
of mirror symmetry in the z direction of the metasurfaces,
there is no chiral response. The introduction of the parameter
@ shifts the eigenpolarization states in the k£ space. When
a =0.045 and ¢ = 46° (¢ = —6°), corresponding to the
positions of C+4 and C— points in the I" point, as shown in
Fig. 3(a), they exhibit intrinsic RCP and LCP states in the
far field, indicating that the metasurfaces flip the intrinsic
spin-polarization states in opposite directions. Therefore, the
asymmetric transmission of chiral fields can be observed for
opposite metasurfaces tilt angles, with corresponding CDs
approaching +1 and —1, respectively. Figure 4(c) illustrates
the relationship between the tilt angle of the metasurfaces and
CD, with the maximum CD point precisely corresponding to
the location of the C points near the I' point. This indicates
that the CD of the intrinsic chirality is governed and driven by

the half-integer topological charges. As demonstrated earlier,
o follows the inverse quadratic law. Figure 4(d) shows that
the Q factor is coherently controlled by dual perturbations
(¢ and ¢). Keeping o constant, the introduction of ¢ will
further reduce the Q factor. Theoretically, if @ and ¢ are
kept within a small range, there is no restriction on the Q
factor. When o = 0.045 and ¢ = +6°(p = —6°), the Q factor
reaches 5000 (neglecting material losses). Their coordinated
changes also approximately follow the inverse quadratic law,
allowing for different intrinsic chiral BICs with appropriate
values of « and ¢.

C. Nonlinear CD empowered by half-integer topological charges

As previously mentioned, q-BICs can induce significant
electric field enhancement within the structure, providing
a powerful platform for efficiently generating optical
harmonics. Silicon is a material with strong third- and
fifth-order nonlinearities (refer to polarization equations and
conversion efficiency formulas in Sec. 6 in the Supplemental
Material [47]). The local field strength at the third harmonic
and fifth harmonic wavelengths depends on the enhancement
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FIG. 4. (a) Transmission spectra of right-circularly polarized
(RCP) and left-circularly polarized (LCP) light via introducing dif-
ferent asymmetry parameters (¢ = 0, ¢ = 0; o« = 0.045, ¢ = 0;
a =0.045, ¢ =6° o =0.045, ¢ = —6°). (b) Corresponding cir-
cular dichroism (CD) spectra. (c) Relationship between CD and tilt
angle ¢ when o = 0.045. (d) Q factor controlled by dual perturbation
parameters (logarithmic scale).

I(w)

loc
be expressed as Il(‘i“’) 104 [112“;)]3 and ISC“’) o [IIE)“;)]S. Here, we
primarily investigate the nonlinear CD of THG and FHG
at the C point (¢ = 0.045, ¢ = 6°). For the metasurface
in the opposite tilted direction, we can refer to the reverse
case. Figure 5(a) illustrates that, at a pump power of Iy =
1 MW /cm?, the energy of THG under RCP pumping is more
than seven orders of magnitude higher than that under LCP
pumping. Generally, higher-order nonlinear effects are weaker
because the amplitude of high-order nonlinear effects is much
smaller than that of low-order nonlinear effects, requiring a
larger photon energy for excitation. Figure 5(b) shows the
difference in FHG. The overall energy of FHG is seven orders
of magnitude lower than that of THG. However, the energy of
FHG under RCP pumping is more than 12 orders of magni-
tude higher than that of LCP pumping. Overall, the THG and
FHG signals from LCP pumping are almost negligible.

Nonlinear CD can be defined as the difference in the total
energy of optical harmonics generated under LCP and RCP
pumping [53-55]:

of the fundamental frequency field strength [/ '] and can

(5550 = Linjser)
Nonlinear CD = —=22 087 4)

Here, I35, and I35/, represent the intensity of THG or FHG

under RCP and LCP pumping, respectively. Due to the signif-
icant emission contrast of THG and FHG under RCP and LCP
pumping, their nonlinear CD near the C point resonance is ~1.

This near-perfect nonlinear CD reaches the theoretical maxi-
mum of chiral nonlinear dielectric metasurfaces [39,55,56].
Figure 4(a) also shows that, at « = 0.045, ¢ = 46°, the chiral
metasurfaces exhibit a sharp resonance mode for RCP and
an almost flat response for LCP incidence. This indicates
the selective excitation of the g-BIC resonance for circularly
polarized light, a feature determined by the eigenstates at
the C point, resulting in nearly unitary nonlinear CD values.
Figure 5(c) investigates the electric field distributions in the
x and y directions for the resonance modes under RCP and
LCP incidences, with insets showing the directions of their
electric and magnetic fields, both excited by MD resonance.
However, due to the opposite spin directions of incident pho-
tons in the x —y plane, the distributions of E, and E, are
completely opposite, and the directions of the electromagnetic
field surrounding the MD resonance are also opposite. For
RCP incidence, strong coupling exists, extremely enhancing
the spin-correlated electric fields of E; and E,, with negligi-
ble enhancement of E,. Conversely, it is decoupled for LCP
incidence. The characteristics of this circularly polarized light
selective coupling can be explained by the interaction of a pair
of antiparallel dipoles [57]. Dual perturbations result in shifts
in both in-plane and out-of-plane components of the dipoles
(see Sec. 7 in the Supplemental Material [47]). Figure 5(f) re-
veals a significant contrast in near-field enhancement between
RCP and LCP incidences, with the electric field enhancement
for LCP incidence almost negligible. This is a crucial factor
in achieving high nonlinear CD. Additionally, the scattered
electromagnetic power of RCP and LCP in Figs. 2(e) and 2(f)
also further emphasizes the strong correlation between the C
point and significant near-field enhancement CD. Figures 5(d)
and 5(e) show the double logarithmic relationship between the
conversion efficiency of THG and FHG and the pump power.
Based on the strong electric field confinement of q-BIC, the
conversion efficiency of THG and FHG can be significantly
improved, increasing with pump power. The conversion effi-
ciency of THG differs by more than seven orders of magnitude
between RCP and LCP pumping, while that of FHG differs by
more than 11 orders of magnitude. The conversion efficiency
of THG and FHG with respect to RCP and LCP pump pow-
ers follows a power-law growth relationship, characteristic of
THG and FHG.

Figures 6(a) and 6(b) further investigate the evolutionary
trajectory between near-field enhancement and the tilt angle
of the metasurface. As the tilt angle of the metasurface gradu-
ally increases in different directions, the C+ and C— points
approach the I' point in opposite directions along the I'-Y
axis. The metasurfaces exhibit selective shielding of near-field
enhancement for LCP and RCP incident waves. When the C
point is located at the I point (¢ = £6°), it cannot be excited
by far-field incident waves with spin-opposite circular polar-
ization due to the spin selectivity of the intrinsic state. This
imparts significantly intrinsic chirality to the metasurface, ac-
companied by substantial contrast in near-field enhancement,
thereby enabling perfect nonlinear CD. On the other hand,
we can also examine the near-field enhancement contrast in-
duced by tilted incidence. Figure 6(c) shows the CD response
resulting from tilted incidence while maintaining o = 0.045
for the metasurfaces. Tilted incidence essentially involves the
excitation coupling of non-I" point intrinsic states. Due to the
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MW/cm?, along with their corresponding nonlinear circular dichroism (CD). The insets depict schematic illustrations of THG and FHG. (c)
Distribution of E, and E, under RCP and LCP incidence, with corresponding schematic diagrams of magnetic dipole (MD) orientations shown
in the insets. (d) and (e) Dependence of pump power and THG/FHG conversion efficiency (log-log scale). (f) At a fixed pump power of [y = 1
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incidences. (c) and (d) Linear circular dichroism (CD) and near-field
enhancement CD resulting from tilted incidence.

splitting of the V point, the presence of the C point can be
observed in opposite tilted incidences, exhibiting CD values
with opposite signs at non-I" point opposite tilted angles.
The corresponding CD values reach their maximum with the
tilt angles of —4° and +4°, consistent with the observations
in Figs. 3(f) and 3(g). At these angles, the C point couples
with the incident light, acquiring extrinsic chirality. Figure
6(d) illustrates the near-field enhancement contrast resulting
from circularly polarized light excitation under corresponding
tilted incidence. Here, we introduce near-field enhancement
CD: Ecp = (Ejcp—Elcp)/(Eicp + Efcp), where Egcp and
Eicp are the electric field intensities under RCP and LCP
incidences, respectively. The position of its maximum value
is in basic agreement with the position of the maximum linear
CD in Fig. 6(c), indicating the dependence of near-field en-
hancement CD on the C point. This further emphasizes the
crucial role of the C point in achieving nonlinear CD. Shi
et al. [24] achieved significant extrinsic chirality in planar
chiral metasurface of double-sided scythe (DDS) architecture
and realized nonlinear CD enhancement using the C point.
Typically, the q-BICs resonance chirality in planar metasur-
face structures originates from nonreciprocity induced by the
interaction between the mode and the substrate. However, in
their investigations, the maximum linear CD resonance does
not exhibit maximum nonlinear CD due to the presence of
scattering background. Previous studies have also supported
this viewpoint [39,40]. Here, using a tilted double-elliptical
half-disk metasurface, we can simultaneously achieve per-
fectly linear CD and nonlinear CD at the C point, thanks to the
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selective excitation of different spin circular polarizations dur-
ing incidence.

III. CONCLUSIONS

In summary, we demonstrate a BIC metasurface platform
that presents both linear and nonlinear chirality. Different
from the previous extrinsic chirality that only introduced
structural anisotropy or oblique incidence of light, our meta-
surfaces achieve dual symmetry breaking for both in-plane
and out-of-plane symmetries by carefully customizing and
tilting the resonators, precisely shifting the momentum-space
C point to the I point. This imparts intrinsic chirality to the
metasurfaces, enabling different spin selectivity by reversing
the tilt direction. The metasurfaces realize nearly unitary CD
(maximum CD > 0.99). Furthermore, benefiting from the
high Q factor of the g-BIC and the electric field enhancement
effect, it exhibits outstanding optical harmonic conversion
efficiency. The C point possesses circularly polarized light

selective coupling characteristics, enabling the possibility of
ultrahigh near-field enhancement contrast and nonlinear CD,
with CD values ~1 for THG and FHG. Owing to the use
of selective excitation of different spin circular polarizations,
perfectly linear CD and nonlinear CD are therefore simulta-
neously achieved at the positions of half-integer topological
charge. Otherwise, our approach is widely applicable and can
find utility in various fields such as chiral light sources and
nonlinear chiral optics, demonstrating remarkable flexibility
and feasibility.
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