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Supporting induced toroidal moments, nanostructures with toroidal topology offer an alternative mecha-
nism for light—matter interaction. Toroidal resonances observed in artificial meta-atoms unambiguously
exhibit distinct characteristics originating from their electric and magnetic multipoles. Despite the various
nanostructures introduced for toroidal moment excitation, meta-atoms comprising dielectric torus struc-
ture, an architecture which naturally provides the topology for toroidal dipole (TD) moments, remain
unexplored. On the other hand, the dark-mode nature of resonances in torus metasurfaces enables
strong field enhancement and hence the potential for nonlinear optics. Here, third harmonic generation
(THG) from planar silicon torus metasurfaces, which support high quality (Q)-factor resonances associ-
ated with the bound states in the continuum (BICs) at near-infrared wavelengths, are numerically demon-
strated. The properties of the THG signal originating from the electric dipole (ED), TD, magnetic quadru-
pole (MQ), and magnetic dipole (MD) resonances can be engineered by exploiting the symmetry of the
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torus nanostructure. A pair of strong chiral resonance modes are observed in the asymmetric resonators
with broken in-plane mirror symmetry, enabling elliptically polarized THG signals from the torus metasur-
faces under linearly polarized excitations. Dielectric torus metasurfaces supporting quasi-BIC resonances
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1. Introduction

Exploration and exploitation of various multipole moments in
light-matter interaction is the foundation of nanophotonics.
Characterized by light-induced charge separation and loop
currents respectively, electric dipoles (EDs) and magnetic
dipoles (MDs) are key to numerous optical phenomena, from
fascinating colors in colloidal metal nanoparticles,?* artificial
optical magnetism,® negative refraction,* strong chirality, to
anomalous reflection and refraction® and the photonic spin
Hall effect,” to name a few. In stark contrast to EDs and MDs,
toroidal moments, which have been studied in a variety of
fields® " since their first discussion,'” are less explored in
electromagnetics mainly due to the difficulties in exciting
strong toroidal modes. Despite the recent theoretical studies
on toroidal electrodynamics,"®™"” toroidal multipoles are not
included in the current Mie theory description of the scatter-
ing behavior of objects with sizes comparable to the wave-
length of light. On the other hand, toroidal moments have
been discussed for a series of exotic electromagnetic effects,
such as reciprocity and optical activity when combined with
magneto-optical, non-linear, or time-varying materials."®"°
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can serve as a powerful platform for light control in both the linear and nonlinear regimes.

Meta-atoms, ie., the building blocks of metamaterials, can
tailor light-matter interaction on subwavelength scales
through structural engineering, offering unprecedent flexi-
bility in producing multipole moments via engineering
current oscillations. Two recent review articles have provided a
comprehensive summary of the development of toroidal meta-
materials and metasurfaces.”®>' The excitation of electromag-
netic moments is essentially determined by the symmetry and
topology of resonators. A toroidal dipole (TD) is equivalent to
currents flowing on the surface of a torus. Based on this
understanding, elaborately arranged split ring resonators
(SRRs)**7*® and similar metallic structures®” forming meta-
molecules have demonstrated TDs at microwave and terahertz
frequencies. Recently, using an array of asymmetric double-
bars obtained from nanofabrication, Dong and coworkers
have demonstrated the TD response in the near-infrared
region.”® In these studies, the excitation of TDs can be attribu-
ted to (i) phase retardance between individual SRRs in each
unit cell®?” and (ii) asymmetry of the meta-
molecules.****72%28 On the other hand, the reported TDs can
be categorized into two groups, i.e., TD perpendicular to the
wavevector (TLk) and TD parallel to the wavevector (T|k),
while the latter has potential for high quality (Q)-factor
spectra due to its “dark mode” nature.>**°

Toroidal moments have also been identified in isolate
and arrayed dielectric resonators.***® Besides the unique field
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confinement configuration in the linear regime due to their
topology, TDs have been used to facilitate enhanced nonlinea-
rities in dielectric nanostructures.*"***” Distinct from metallic
resonators, electromagnetic response from dielectric structures
is simultaneously determined by their geometry and refractive
index,®® enabling light manipulation with extremely low
loss.>®*®  Importantly, an analysis based on multipole
decomposition®® has shown that toroidal moments can be
identified in dielectric nanostructures under optical exci-
tations. Efforts have recently been made to develop dielectric
metasurfaces that exhibit resonances associated with bound
states in the continuum (BICs). Corresponding to the localized
states that coexist with a continuous spectrum of radiating
waves, BICs usually manifest strong energy confinements, infi-
nite Q-factors, and extreme field enhancements. Accordingly,
with broken symmetry, the systems supporting quasi-BICs
with finite Q-factors have been reported to realize enhanced
nonlinearities.* ™*® TD moments associated with BICs have
also been observed. He and coauthors have reported the obser-
vation of quasi-BIC TD resonances in an array of silicon nano-
disk dimers.”” More recently, You and coauthors have demon-
strated that electromagnetically induced transparency (EIT)
originates from the coupling between a magnetic TD and two
quasi-BICs within a silicon metasurface with off-center air
holes.”® The high-Q nature of TD-BICs represents a new
pathway to generating strong toroidal moments in dielectric
metasurfaces with a concomitant field enhancement effect.
Consequently, a torus metasurface featuring quasi-BIC reso-
nances and toroidal topology represents a promising platform
for efficient nonlinear generation with tunable properties.
Nevertheless, studies on dielectric torus resonators, which can
be considered as the most intuitive structure to support TD
resonances, remain rare.

Three-dimensional (3D)**°>* and 2D meta-atoms®*>® that
are non-superimposable on their mirror image have been used
to achieve strong chiroptical response, enabling unpre-
cedented flexibility in manipulating the polarization of light.
More recently, chiral quasi-BIC resonances®”>° and enhanced
chiral nonlinearities®*™®> have been observed in planar dielec-
tric nanostructures. On the other hand, based on the combi-
nations of electric and magnetic moments with toroidal
moments, Papasimakis et al, have demonstrated optical
activity in an array of chiral toroidal coils at microwave fre-
quencies.'® More recently, Kang et al., have reported toroidal
circular dichroism (CD) in a bilayer metasurface exhibiting a
toroidal dipole moment at frequencies around 15 GHz.*?
However, the role that toroidal topology plays in the observed
chiral response is elusive. Dielectric metasurfaces with a toroi-
dal topology capable of supporting chiral quasi-BIC reso-
nances originating from toroidal moments hold great potential
as a superior platform for chiral optics.

In this work, we numerically demonstrate that silicon torus
metasurfaces can support TD and a series of resonances
associated with BICs at near-infrared wavelengths. Optical an-
isotropy based on nanogrooves enables TD excitation in the
torus resonators under illumination of linearly polarized light
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at normal incidence, giving rise to significantly enhanced
third harmonic generation (THG) from the metasurface. More
importantly, with broken in-plane mirror (2D-chiral) sym-
metry, silicon torus resonators having asymmetrically arranged
nanogrooves exhibit two sharp chiral resonances associated
with an electric dipole (ED), a toroidal dipole, and a magnetic
quadrupole (MQ), resulting in a pronounced transmission CD
and spin-selective field enhancement effect. Furthermore, our
nonlinear simulations show that, under linearly polarized exci-
tations, these two chiral resonances lead to elliptically polar-
ized TH emission in both reflection and transmission.
Importantly, the diffraction efficiency and polarization state of
the observed THG signals are heavily dependent on the sym-
metry property of the torus meta-atoms. Our results demon-
strate the potential of the torus metasurfaces for light control
in both the linear and nonlinear regimes based on their
unique topological characteristics.

2. Results and discussion

A unit cell of the silicon (refractive index ng; = 3.48) torus meta-
surface located on top of a glass substrate (n, = 1.46) is illus-
trated in Fig. 1(a). The nanogrooves introduced on one side (x >
0) of the torus resonator not only result in optical anisotropy but
also open a leaky channel for quasi-BIC.®* In fact, the resonance
modes observed in Fig. 1 become true BIC when there is no
nanogroove. To verify this, through eigenmode simulations, we
study a torus structure without nanogrooves in reciprocal space
(Fig. S1). The observed Q-factors corresponding to all four
modes show a clear divergence behavior, indicating a symmetry-
protected BIC associated with each resonance.®”®” Note that,
with a separation angle 8 = 25°, the nanogrooves are arranged
symmetrically relative to the x-axis (see the inset of Fig. 1(b)).
The quasi-BIC properties of the four lowest-frequency modes
supported by the structure are studied through COMSOL eigen-
mode simulations. Since a periodic boundary condition is
applied in the x- and y-direction without lateral phase delay, our
eigenmode simulations examine the intrinsic response of the
metasurface under normal incidence. The eigen-wavelength and
Q-factor as a function of the number of nanogrooves (N) and the
depth of the nanogrooves (%) are summarized in Fig. 2(b)-(e).
One can see that the resonance wavelengths of all four modes
are insensitive to N and #, suggesting the robustness of the torus
metasurface. On the other hand, the increasing Q-factors with
decreasing N and h reveal the quasi-BIC characteristics of the
structure. Q-factors slightly increase for the MQ-X and ED + TD
modes as N is increased past 4, which could be attributed to the
decreased radiation loss of the system. As illustrated in Fig. 1(e),
when N =7 and & = 30 nm a Q-factor larger than 10” is achieved
for both modes around 1100 nm wavelength (denoted by the
blue and red circles in Fig. 1(d)). To better understand the
nature of all four modes, Fig. 1(f-i) shows the corresponding
mode profiles. Remarkably, the rotating vectors of magnetic
field identified in Fig. 1(f) unambiguously indicate a TD reso-
nance at 1107 nm wavelength, with a concomitant maximum

This journal is © The Royal Society of Chemistry 2026
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Fig. 1 Torus metasurfaces supporting quasi-BIC resonances. (a) Schematic of a unit cell of the Si torus metasurface. Inset: top view showing the
arrangement of the nanogrooves. Geometrical parameters: P = 700 nm, r; = 300 nm, r, = 100 nm, t = 220 nm, w = 30 nm, and 6 = 25°. The depen-
dences of (b) resonance wavelengths and (c) Q-factors of the four lowest-frequency modes on the number of nanogrooves (N). For results shown in
(b) and (c), the depth of nanogrooves h was fixed to 30 nm. The dependences of (d) resonance wavelengths and (e) Q-factors on h. For results
shown in (d) and (e), N was fixed to 7. The magnetic field distributions along with the magnetic field vectors cut at the middle of the torus resonator
at a (f) TD mode, (g) MQ-X mode, and (h) MQ-M mode. Note the TD mode in (f) is accompanied by an ED mode (see multipolar decomposition
results in Fig. 2). (i) The electric field distribution along with the electric field vectors at a MD mode. For results shown in (f)—(i), N = 7 and h = 30 nm.
The magnetic and electric field magnitudes are normalized to those of the incident field, respectively.

field enhancement factor of 300. As seen in the later nonlinear
analysis, this observed strongly confined TD resonance gives rise
to the enhanced THG signals with properties controlled by the
torus structure’s symmetry. Furthermore, Fig. 1(g) and (h) show
two MQ resonances. Exhibiting the highest Q-factor among the
four considered modes, the MQ-X resonance at 1109 nm reveals
a maximum field enhancement factor of 1000. We emphasize
that, as seen in later discussions, the unique topologies of the
TD and the MQ-X modes imply their distinct excitation mecha-
nisms. Moreover, the rotating vectors of electric field seen in
Fig. 1(i) mark a MD resonance at 1645 nm wavelength. In con-
trast to the field confinement effect seen in Fig. 1(f)-(h), at the
MD mode the field also concentrates in the nanogrooves,
causing the relatively low Q-factor and moderate field enhance-
ment effect. These observed field concentration phenomena in
the linear regime reveal the potential of the torus metasurfaces
to support enhanced nonlinearities.

As discussed above, the nanogroove-induced anisotropy
gives rise to the resonance modes seen in Fig. 1. To further
clarify the mode excitation mechanisms, in Fig. 2(a-d) we

This journal is © The Royal Society of Chemistry 2026

show the simulated transmittance spectra of the metasurface
(N =7 and & = 30 nm) illuminated by x- and y-polarized light at
normal incidence. Fig. 2(a) shows that, under x-polarized exci-
tation, the metasurface exhibits a sharp transmission dip
around 1106 nm wavelength. Importantly, for x-polarized exci-
tation, only the magnetic field of the incident wave can ‘see’
the anisotropy. Originating from magnetic Mie resonances,
magnetic field oscillations in the x > 0 and x < 0 regions of the
torus become out-of-phase in the resonator, resulting in a
rotating magnetic field associated with a TD moment
(Fig. 1(f)). Furthermore, Fig. 2(b) indicates that the MQ-X
mode seen in Fig. 1(g) can be excited by a y-polarized wave,
while the sharp spectrum suggests this mode as a viable candi-
date for efficient nonlinear generation. The transmittance
spectra corresponding to the MQ-M and MD resonances in the
torus metasurface are shown in Fig. 2(c) and (d). These beha-
viors reveal the flexibility in selectively exciting distinct reso-
nances, especially those associated with TD and the MQ-X
modes, which are close together in the spectrum, in the torus
metasurface based on their polarization sensitivity. To better
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Fig. 2 Enhanced THG in the torus metasurface. (a)—(d) Simulated transmittance spectra (N = 7 and h = 30 nm). (e)—(h) Multipolar decomposition of
scattering cross-sections in terms of electric dipole (ED), toroidal dipole (TD), magnetic dipole (MD), electric quadrupole (EQ), and magnetic quadru-
pole (MQ). (i)—(l) Simulated spectra of the total THG signal generated from the metasurface. (m) Schematic of the THG diffraction upon x- and
y-polarized excitations. TD mode on-resonance THG power distribution between the diffraction orders in (n) reflection and (o) transmission. MQ-X
mode on-resonance THG power distribution between the diffraction orders in (p) reflection and (q) transmission.

elucidate the nature of the observed resonances, we perform a
multipole decomposition analysis>® and summarize the results
in Fig. 2(e-h). We note that, although the resonance around
1106 nm is ED dominant, a significant contribution from a TD
moment is unambiguously identified (Fig. 1(e)). The multipo-
lar contributions observed in Fig. 2(e-h) are consistent with
the mode profile analysis summarized in Fig. 1(f-i). We note

that the multipole expansion is derived from writing the
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Green’s function, G(r,r') of the inhomogenous wave equation
as > gi(r, )Y, (0',¢')Yin (0, p). Because the azimuthal sym-

Lm
metry of our system is only slightly broken, an alternative rep-
resentation which could be applicable in our analysis is the

Lommel expansion, which has the form
e —e ik Z kz}ff kR) cos™ (¢ — ¢'), where, for cylindri-
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cal field coordinates p, ¢, 2z, one defines R =

VR: —2pacos(p —¢') and R=/(z—2)* +p?+a® and a is

related to the inner and outer radii. This representation has

been used in the analysis of radiation from cylindrical wires
and loops.®®*°°

To study the THG in the proposed torus metasurface, we
perform nonlinear optical simulations based on an undepleted
pump approximation using COMSOL Multiphysics in the fre-
quency domain.”®’! In particular, a two-step simulation
approach that exploits the undepleted pump approximation
was used to obtain the harmonic generations that result from
the proposed Si torus metasurface. The linear response of the
torus structure was first simulated at fundamental frequencies.
Next, the THG emission was acquired by using a linear electric
field obtained from the first step as the source of the nonlinear
polarization induced inside in the Si nanostructure. The
elements of the nonlinear susceptibility tensor y(3) are con-
sidered as constant scalar values of 2.45 x 107" (m V")% All
THG responses were simulated based on a unit cell of the
investigated structure by employing periodic boundary con-
ditions. In Fig. 2(i-1), we illustrate the simulated THG spectra
obtained by summing up the surface integrations of the THG
signal on two virtual surfaces above and beneath the metasur-
face. Resonance-enhanced THG can be clearly seen.
Normalized to the maximum THG intensity observed, the TD
and MQ-X modes lead to THG significantly stronger than that
seen at the MQ-M and MD modes. From the THG peak values,
it can be seen that the MQ-X mode enables more than a 2
times (20 times) stronger THG compared with the ED + TD
mode (MD mode), while the THG signal arising from the
MQ-M mode is more than 3 orders lower. These observations
reveal the different ways in which multipolar resonances can
enhance THG in the proposed torus metasurface. It should be
noted that the distinct mode profiles, especially the electric
field distributions of the different multipolar resonances,
determine their different behavior through nonlinear conver-
sion. Moreover, nonlinear multipolar analysis can be employed
to theoretically determine the mode-dependent contributions
of each multipole to TH radiation.”’ We note that, despite
these contribution differences, the intensity of the THG signal
generated from the proposed torus metasurface is primarily
determined by the value of the Q-factor, which determines the
field enhancement effect, of each multipolar resonance. This
is made evident from a comparison between the Q-factor ana-
lysis (Fig. 1c) and the THG spectra (Fig. 2(i-1)). Consequently,
in our following discussions, we focus on the properties of the
THG signals stemming from the TD and MQ-X modes. As the
schematic in Fig. 2(m) shows, given the fact that the period-
icity of the metasurface is larger than the wavelengths of the
THG signals associated with the TD and MQ-X modes, the
THG emitting from the metasurface can simultaneously
couple to multiple diffraction channels.”* Fig. 2(n) and (o)
summarize the TD on-resonance THG intensity distributions
between the diffraction orders in reflection and transmission,
respectively. Note that the THG signal in reflection exists in

This journal is © The Royal Society of Chemistry 2026
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the (-1, 0), (1, 0), (0, —1), and (0, 1) diffraction orders,
whereas, in transmission, THG also beams into the higher
diffraction orders (+1, +1) due to the refractive index of the
glass substrate. Furthermore, the on-resonance THG intensity
distributions related to the MD-X mode in the metasurface
under a y-polarized excitation are shown in Fig. 2(p) and (q).
We note that due to the anisotropy of the torus structure, THG
ununiformly beams into different diffraction orders. For
instance, in reflection (transmission) the TD THG signal in the
order of (-1, 0) is ~11% stronger (~8% weaker) than that in
the order of (1, 0), while the THG signal associated with MD-X
mode in the order of (-1, 0) is ~19% stronger (~14% stronger)
than that in the order of (1, 0). These observations indicate the
flexibility offered by the torus metasurface in tailoring the
diffraction efficiency of nonlinear generation. We note that,
originating from optical anisotropy at the unit cell level, the
control over diffraction efficiency observed under normal inci-
dence in our study is distinct from the unevenly distributed
THG diffractions recently observed in a Si bar array due to
oblique excitations.””> Furthermore, although the observed
THG signals from the structure illustrated in Fig. 2(m) are near
linearly polarized, the THG intensity control capability of the
metasurface suggests the potential to exploit symmetry in
torus resonators for manipulating the polarization of non-
linear generation. Moreover, considering the wavelengths of
the THG signal emitted from the system and the periodicity of
the structure, 2"%-order THG diffraction exists. Nevertheless,
the strongest THG signal in the 2nd-order diffraction channels
is about 5 times weaker than that in the 1°-order diffraction.
Therefore, we focus here on the 1%-order THG signals and
their properties. Lastly, the total THG conversion efficiency n =
Pryi6/Ppump is about 3 x 1073, which is comparable to that pre-
viously observed in silicon metasurfaces that support quasi-
BICs.”?

Fig. 3(a) depicts a unit cell of a chiral torus metasurface
having a broken in-plane mirror (2D-chiral) symmetry. The 2D-
chiral symmetry is achieved by arranging the ten nanogrooves
following > 6; = 180° and A@ = 0., — 6; which denotes the
angular différence between every two neighboring nanogrooves
(see the inset of Fig. 3(a)). Note that, A@ = 0 corresponds to an
achiral structure, while A9 > 0 (Af < 0) defines a right-handed
(left-handed) chiral structure. In other words, the sign of A@
determines the chiroptical characteristics of the torus metasur-
face, as seen in the later discussion. Fig. 3(b) illustrates the
simulated circular polarization (CP) transmittance spectra
when Af = 2° and the metasurface is illuminated by left- and
right-handed circularly polarized (LCP and RCP) waves at
normal incidence. Trg (T11) and Tgy (Tir) denote the co- and
cross-polarization transmittance of an RCP (LCP) wave.
Featured by the unequal CP transmittance, i.e., Trg # Trr, and
Tre # Tir, two sharp chiral resonances (hereafter referred to as
mode 1 and mode 2) are identified at wavelengths around
1101 nm and 1104.5 nm, respectively. Note that the Tgrg # Ti1
characteristic arises from the C; rotational symmetry of the
unit cell.®” Fig. 3(c) depicts the corresponding transmission
circular dichroism T¢p = (Tgrr + Tgry) — (TiL + Tir), indicating

Nanoscale


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6nr00116e

Open Access Article. Published on 30 March 2026. Downloaded on 4/22/2026 2:49:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

View Article Online

Paper Nanoscale
(b) 1.0 100
10 9 . § 08 1040;f
S06 —
------ IS A
0 S 0.4 101
2 02l Mode1 Mode 2 s
i 12—
0 3 1070
1 1098 1100 1102 1104 11 1043“’
(9 . VA
(o) 06 RCP 1074
O 04 101% EQ o
§ 02
(7]
0 104
E 0.2 LCP  RCP 1012 ——
@ AT 10" MQ j 10-10
=] [} 3 A
5043 @) @ e A A"
F o6l 4 104 1041‘
1098 1100 1102 1104 1106 1098 1100 1102 1104 1106 1101
Wavelength (nm) Wavelength (nm)
(e) 2 T TRL 1.0
S5 -
2 { 0) Transmission CD
S0 05 2
£ 1 05
o
-2 7 éi 0 0
(9) 2 RR =
1 -1 0.5
B |
3 0 -2 >
= \ 1100 1102 1104 1106 1108
<1 Wavelength (nm)
-2 -2 0

1100 1102 1104 1106 1108
Wavelength (nm)

1100 1102 1104 1106 1108
Wavelength (nm)

Fig. 3 Chiral torus metasurfaces. (a) Schematic of a unit cell. Insets: top-view of the structure showing the chiral arrangement of the nanogrooves

determined by Af =

0;+1 — 0;. (b) Simulated CP transmittance spectra when Af = 2°. (c) The corresponding transmission CD spectra. Insets: the mag-

nitude of the electric field cut from the middle of the torus resonator under LCP and RCP excitation at mode 1 and mode 2. (d) Multipolar decompo-
sition when the structure is illuminated by LCP (solid curves) and RCP (dashed curves) waves, respectively. A zoom-in spectrum corresponding to
mode 1 (gray area) is shown on the right of each panel. CP transmittance spectra (e) T, (f) Tre, (9) Trr, and (h) T as a function of Ad.. (i) The corres-

ponding transmission CD spectra as a function of Ag;.

the intrinsic handedness-selectivity of the chiral torus meta-
surface in the interaction with CP light at the two modes. This
is made evident by the on-resonance electric field distri-
butions, as shown in the insets of Fig. 3(c). In particular, the
circular-polarization-dependent field concentration gives rise
to not only the transmission CD in the linear regime but also
the spin-selective THG as seen in later discussions. To further
illustrate the origin of the observed chiral response, a multipo-
lar decomposition analysis was conducted based on induced
currents in the structure when it is illuminated by LCP and
RCP waves, respectively. In Fig. 3(d) we compare the handed-
ness-dependent excitations of multipolar modes (solid
(dashed) curves correspond to an LCP (RCP) excitation). To
better illustrate the comparison at mode 1 (the gray region), a
zoom-in spectrum is shown on the right of each panel. It can
be clearly seen that, at mode 1 (mode 2), all modes show larger
scattering cross-section under an LCP (RCP) excitation. We
note that two additional resonances were observed at wave-
lengths around 1230 nm and 1630 nm but exhibit negligible
chiral response (Tcp = 0) (not shown). Regarding the MQ-M
and MD resonances identified in Fig. 2(c) and (d), these two
modes are insensitive to the chiral symmetry and will not be
considered in our following discussion. We also note that

Nanoscale

besides the asymmetric nanogroove arrangement, the other
source of the observed chiroptical response is the difference
between the refractive index of the glass substrate and the air
on top of the metasurface.

To better illustrate the role of the 2D-chiral symmetry, Fig. 3
(e-h) depict the CP transmission of the metasurface as a func-
tion of Af, while the corresponding transmission CD spectra
are summarized in Fig. 3(i). When the value of A@ changes
sign (for instance from 2° to —2°), the metasurface exhibits a
handedness-flipped chiroptical response upon interacting with
CP waves, unambiguously demonstrating the enantiomeric
characteristics of the corresponding torus meta-atoms.
Furthermore, Tcp vanishes when A@ approaches 0, featuring a
chiral BIC with a Q-factor potentially going to infinity.>’>°
These results further reveal the potential utility of the pro-
posed chiral torus metasurface for chiroptical response engin-
eering. We note that chiroptical second harmonic generation
(SHG) from plasmonic nanorods with local symmetry breaking
has been reported recently,’? suggesting that the symmetry
property of optical resonators provides an additional knob that
can be adjusted to control the polarization state of the gener-
ated harmonic signals. Therefore, the 2D-chiral symmetry is
expected to enable chiral-resonance-mediated control over

This journal is © The Royal Society of Chemistry 2026
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polarization of THG signals emitted from the torus metasur-
faces. It should be noted that here we primarily investigate the
chirality arising from the nanogroove arrangement, while the
chiroptical response, such as circular dichroism (CD), can be
further improved through additional structural optimization
involving other important geometrical parameters such as the
thickness, inner/outer ring radius, etc. Furthermore, it has
been demonstrated that arbitrary polarization manipulation
can be achieved in single layer dielectric metasurfaces lever-
aging a combination of geometric phase with resonant and
propagation phase.”” The concept has been referred to as the
hybrid phase modulation mechanism, which includes all
degrees of freedom in the meta-atom design process, includ-
ing the shape, size, rotational angle, etc.”® In general, the
polarization manipulation capability of a metasurface can be
engineered through tailoring three properties of the resona-
tors, ie., birefringence, eigen-polarization states, and retar-
dance, as well as the incidence angle.”” Here we have shown
that varying the symmetry properties of the torus structure can
facilitate strong interactions with linearly or circularly polar-
ized incident waves. Nevertheless, in sharp contrast to the
optical responses provided by the Mie-resonance-based unit
cells (such as nano-cylinders’), the high-Q resonances associ-
ated with the quasi-BICs observed in our study may make it
challenging to engineer the torus meta-atoms for arbitrary
polarization manipulation.

To investigate the THG from the chiral torus metasurface
(A0 = 2°), without loss of generality, we consider a scenario
where the metasurface is excited by a linearly (x- or y-) polar-
ized fundamental wave at normal incidence (Fig. 4(a)). Ty (T}y)

View Article Online
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and Ty, (Ty,) denote the co- and cross-polarization transmit-
tance of an x-polarized (y-polarized) wave. Fig. 4(b) and (c)
show the simulated transmittance spectra near mode 1 and
mode 2, which, as a different form of results from that shown
in Fig. 3(b), directly illustrate the response of the system under
linearly polarized wave illumination. Fig. 4(d) and (e) (Fig. 4(f)
and (g)) depict the THG spectra when the metasurface is
excited by an x-polarized (y-polarized) wave in the same wave-
length ranges. Similar to the results shown in Fig. 2(i-1), the
THG spectra in Fig. 4 were obtained by collecting all THG
signals emitting from the metasurface. The THG spectra were
normalized to the peak THG intensity value when the metasur-
face is under x-polarized illumination at mode 1 (Fig. 4(c)). All
THG spectra peak at the wavelengths where the chiral reso-
nances match with the fundamental. Nevertheless, the peak
values of the THG signals corresponding to x-polarized exci-
tation (Fig. 4(d) and (e)) are significantly larger than those
from y-polarized excitation (Fig. 4(f) and (g)). Consequently, in
the following discussion we will focus on the x-pol-excitation
on-resonance THG signals in both modes. Note that the hand-
edness-dependent THG from the proposed chiral torus meta-
surface under circularly polarized excitation have also been
investigated. The corresponding spectrum of the THG-CD =
(B8 — D )/(IBGE + I5R), where KGE and ILGF, are the inten-
sity of THG signals emitting from the metausuface under RCP
and LCP excitations, respectively, indicates strong nonlinear
circular dichroism at the wavelengths corresponding to the
two chiral resonances in the linear regime (Fig. S2).

In Fig. 5, we summarize the diffraction and polarization pro-
perties of the on-resonance THG signals at mode 1 and mode 2.

(a) (b) Mode 1 (c) Mode 2
1.0 1.0
§ 0.8 08
Fundamental £ 06 06
£
X-pol Y-pol 2 04 04} — Tx
] s Ty
F 02 02t — Ty
1100 1101 1102 1103 1104 1105
Wavelength (nm) Wavelength (nm)
(dy 10 (e)0.3
= X-pol X-pol
2 Excitation 02| Excitation
o 0.5
T 01
0 1 0 3
1100 1101 1102 1103 1104 1105
(f) (9)
~0.02 Y-pol Y-pol
3 Excitation 0.08} Excitation

1100
Fundamental (nm)

0
1103

1101 1102 1104 1105

Fundamental (nm)

Fig. 4 THG in a chiral torus metasurface. (a) Schematic of the system under a linearly polarized excitation. Linear-polarization transmittance
spectra at wavelengths around (b) mode 1 and (c) mode 2. THG spectra of the system under an x-polarized excitation at fundamental wavelengths

around (d) mode 1 and (e) mode 2. (f and g) The same as panels (d and e),
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(b) Mode 2 (X-pol Excitation)
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Fig. 5 Properties of on-resonance THG from the chiral torus metasurface. Power distribution between the diffraction orders in (a) mode 1 and (b)
mode 2 in reflection. (c and d) The corresponding polarization ellipses. (e and f) The same as (a and b) panels, but in transmission. (g and h) The

corresponding polarization ellipses.

Note that, for comparison purposes, the results corresponding to
the THG signals in the direct reflection and transmission (i.e.,
zero-order diffraction mode) are also presented. Fig. 5(a) and (b)
depict the THG power distributions between the diffraction
orders in reflection. At mode 1, THG intensity in the diffraction
order of (—1, 0) is close to that in the order of (0, 1) but 38% stron-
ger than those on the orders of (0, —1) and (1, 0). In contrast, at
mode 2, THG intensity in the diffraction order of (-1, 0) is close
to that in the (0, —1) order and is 29% stronger than those in the
(0, 1) and (1, 0) orders. The unbalanced distributions between
pairs of THG diffraction orders are more pronounced in trans-
mission signals, as illustrated in Fig. 5(e) and (f). For instance, at
mode 1, THG intensity in the diffraction order of (-1, 1) is 38%
stronger than that in the (1, —1) order, while THG signals in the
(=1, —1) and (1, 1) orders are almost completely suppressed.
Moreover, at mode 2, THG intensity in the diffraction orders of
(=1, —1) and (1, 1) is 6 times higher than those in the (1, —1) and
(=1, 1) orders. This THG redistribution phenomenon can be
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attributed to the asymmetric local electric field in the chiral torus
at the two chiral modes, as illustrated in the insets of Fig. 3(c).””
These observations clearly reveal the remarkable influence of the
torus resonators’ symmetry property on the THG distribution
between diffraction channels.

On top of the diffraction redistribution effect, the chiral torus
metasurface also exhibits the ability to control the polarization
state of the emitting THG signals. Here, we define ellipticity as 7
= tan [(|Ea| — |Eu|)/(|Eal + |Eb|)], where |E,| and |Ey| represent
the semi-major and minor axes of the polarization ellipse of the
electric field. We note that 5 = 45° (0°) correspond to linearly (cir-
cularly) polarized waves. Fig. 5(c) and (d) illustrate the polariz-
ation ellipses of the THG signals generated from mode 1
coupled to diffraction channels in reflection (transmission).
Hence, elliptically polarized THG is achieved. For TH emission
in reflection (Fig. 5(c)), # achieves 29° and 32° in the diffraction
orders of (0, —1) and (-1, 0), respectively. In transmission
(Fig. 5(g)), among the channels of high THG efficiency, the

This journal is © The Royal Society of Chemistry 2026
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maximum # = 19.5° is observed in the diffraction order of (-1,
0), while elliptically polarized TH signals are also observed in
orders of (0, 1), (1, 0), and (0, —1). Interestingly, despite the low
efficiency, THG signals in the (0, 0) order, i.e., direct reflection
and transmission, are also elliptically polarized. Fig. 5(g) and (h)
depict the polarization ellipses of the THG signals generated
from mode 2, in which elliptically polarized THG are also seen.
We note that the polarization states of the THG signals are sim-
ultaneously determined by all resonance modes seen from the
multipolar decomposition. Further mode engineering can be
implemented to improve, for instance, the circularity of emitted
THG. These results further reveal the influence of the torus topo-
logy of the resonators on the intrinsic properties of nonlinear
generation from the system.

3. Conclusion

To summarize, we have demonstrated that a silicon torus
metasurface with a broken symmetry can support a series of
resonances associated with bound states in the continuum.
Moments including an electric dipole, a toroidal dipole, two
magnetic quadrupoles, and a magnetic dipole are identified at
near infrared wavelengths. Nanogrooves are introduced into
the silicon torus to enable optical anisotropy, allowing polariz-
ation-sensitive excitations of the high-Q quasi-BIC ED, TD,
MQ, and MD resonances. Nonlinear simulations show that
those modes result in resonance-mediated enhanced third har-
monic generation. Importantly, it is seen that the THG signal
unevenly beams into different diffraction orders. This can be
attributed to the asymmetric local electric field in the unit
cells which is present at the resonances. Furthermore, by
breaking the in-plane mirror symmetry, we identify two strong
chiral resonances in a 2D-chiral metasurface that are associ-
ated with a TD mode and a MQ mode supported by the torus
resonators, with a concomitant handedness-dependent field
enhancement effect. Moreover, upon an on-resonance linearly
polarized excitation, the chiral torus metasurface emits ellipti-
cally polarized THG signals, in which the corresponding THG
efficiency between different diffraction orders is controlled by
the symmetry of the local field in each unit cell. These
observed properties reveal the potential of the torus metasur-
faces for comprehensive manipulation of light in both the
linear and nonlinear regimes.
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