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Strong mode coupling and Fano resonances arisen from exceptional interaction between resonant modes
in single nanostructures have raised much attention for their advantages in nonlinear optics, sensing, etc.
Individual electromagnetic multipole modes such as quadrupoles, octupoles, and their counterparts from
mode coupling (toroidal dipole and nonradiating anapole mode) have been well investigated in isolated or
coupled nanostructures with access to highQ factors in bound states in the continuum. Albeit the extensive
study on ordinary dielectric particles, intriguing aspects of light-matter interactions in single chiral
nanostructures is lacking. Here, we unveil that extraordinary multipoles can be simultaneously super-
positioned in a chiral nanocylinder, such as two toroidal dipoles with opposite moments, and electric
and magnetic sextupoles. The induced optical lateral forces and their scattering cross sections can thus be
either significantly enhanced in the presence of those multipoles with high-Q factors, or suppressed by the
bound states in the continuum. This work for the first time reveals the complex correlation between
multipolar effects, chiral coupling, and optical lateral force, providing a distinct way for advanced optical
manipulation.

DOI: 10.1103/PhysRevLett.125.043901

The use of dielectric nanocavities for trapping light is of
fundamental interest in physics due to the reduced dis-
sipative loss and large resonant enhancement of both electric
and magnetic fields [1–9]. Highly efficient confinement of
light energy in dielectric structures is usually accompanied
by the excitation of multipoles [10,11]. Examples include
the electric and magnetic quadrupoles in semiconducting
AlGaAs and GaAs dielectric nanoantennas [12,13], non-
radiating electric toroidal and anapoles in a silicon disk
[6,7,14–16], and improved second-harmonic generation
efficiency in a subwavelength resonator by super cavities
[8]. One viable way to realize an ideal toroidal dipole by
dielectric components is to use a four-cylinder unit to excite
a closed loop of magnetic field flux [14,15,17–19]. Among
all the multipoles, the electric and magnetic sextupoles are
rarely found.
On the other hand, with the extension of the Friedrich-

Wintgen theory of bound states in the continuum (BIC) to
photonics [20], there may be another mechanism to trap the
light using the dielectric nanostructures. The BIC exists
inside the continuum and coexists with extended waves, but

they remain perfectly confined without any radiation by the
interference of leaky modes [8,10,21–25]. The BIC can be
found at the “crossing” of two spectral lines with different
modes where the Fano resonance may collapse in a single
dielectric cylinder [8–10], all-dielectric silicon metasurface
[24], two interacting particles in an impurity potential [26],
one-dimensional arrays [22] and two-dimensional photo-
nic crystal slabs [20]. Although intensive studies have been
done for nonchiral dielectric particles, the intriguing
physics and consequences of those phenomena in a single
chiral particle remain elusive and unexplored.
In this work, we, for the very first time, establish the

account of realizing BICs in a chiral nanocylinder and
report its complex consequences on the induced lateral
optical force upon the chiral object. We demonstrate that
perfect toroidal dipoles with opposite moments can be
simultaneously excited in different regions of a chiral
nanocylinder due to the coupling of light and the material’s
chirality denoted as κ [27,28]. More interesting is that other
multipole modes, such as electric and magnetic sextupoles,
are also found to be induced in the chiral nanocylinder,
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which are rarely reported in a nonchiral single object.
Those multipole modes all contribute to the enlarged
scattering efficiency, resulting in the enhancement of the
optical forces exerted on the chiral particle. This effect, in
conjunction with the material chirality, leads to the fact that
the optical force could be lateral due to the momentum
transfer in the presence of chirality and more importantly
such induced optical lateral force could be as strong as the
optical force along the axial direction. In addition to the
merit of unexplored physics, our findings make the future
experimental investigation of chirality-enhanced lateral
force possible. On the contrary, we could also realize
BIC in the chiral nanocylinder that suppresses the scatter-
ing and optical forces consequently.
We focus on the optical lateral force (OLFs), which

represents a scattered lateral electromagnetic momentum
perpendicular to the incidence plane of a nongradient light
beam [27–32]. Detailed derivations of the optical lateral
force can be found in the Supplemental Material [33]. The
lateral photon momentum can originate, e.g., from the spin-
orbit coupling of a circularly polarized beam exciting
surface plasmon polariton (SPP) modes [30,32,40,41], or
by interference of incident, scattered, and reflected light at a
dielectric surface [27]. It can also be generated from the
evanescent wave excited by a circularly polarized beam
[36], or in a variety of interference patterns [28,42]. On the
other hand, the OLFs on a chiral nanoparticle are usually
negligible due to the weak coupling of light and the particle
chirality.
Here we show that the multipole dipoles can signifi-

cantly enhance the OLFs up to the same order of magnitude
of conventional optical radiation pressure along the light
propagating (axial) direction. That is a very important step
to drive the chiral particles laterally. The illustration of
multipole modes in a chiral cylinder at an interface of air
(refractive index n ¼ 1) and water (n ¼ 1.337 at the
wavelength of 532 nm) is shown in Fig. 1(a). The scenario
with particles at an interface holds a promising paradigm
for probing optical lateral forces and sorting particles with
different chiralities [38,43]. The particles are under the
illumination of an obliquely incident s polarized beam with
an incidence angle θ. The coupling of the chirality of the
particle and the reflected and refracted light generates an
optical lateral force in the y direction Fy. The mode of
excitation can be flexibly tailored via the change of
structural parameters like radius and length of the nano-
cylinder. For simplicity, we defined the size parameter
xcoe ¼ kr, i.e., the product of the cylinder radius r, and the
light wave number k. The aspect ratio lcoe ¼ r=l with l
being the length of the nanocylinder is also introduced.
The right images shown in Fig. 1(a) illustrate two of the

excited multipole modes. In system 1 (xcoe ¼ 0.982;
lcoe ¼ 0.634), two toroidal dipoles (TD) with opposite
moments exist in two layers of the nanocylinder, which
is optically identical to the toroidal quadrupole (TQ) [44].

The upper TD in the air layer has a clockwise circular
magnetic field flux (see the top view of the cylinder), and
an electric current surrounding the magnetic field flux,
which results in a “negative toroidal moment.” By contrast,
the lower part of the cylinder immersed in water contains a
TD with an anticlockwise circular magnetic field flux and a
“positive toroidal moment.”
In system 2 (xcoe ¼ 0.708; lcoe ¼ 0.624), two electric

sextupoles (ES) with electric displacement currents, point-
ing in opposite directions, exist in the upper (air part) and
lower (water part) layers of the nanocylinder. Additionally,
a magnetic sextupole (MS) is excited at the middle area of
the nanocylinder. It is observed that the far-field radiation
pattern from a toroidal dipole is identical along an arbitrary
direction in the plane of the magnetic field flux. Two
isolated toroidal dipoles would produce a zero optical force
everywhere on the x-y plane. Nonetheless, when one of the

FIG. 1. Superposition of electromagnetic modes and enhanced
optical lateral force from chiral nanocylinders at the water-air
interface. (a) Illustration of the chiral nanocylinder under the
illumination of an obliquely incident s-polarized beam with an
incident angle of θ. Two multipole modes are excited when the
radius and length of the cylinder change. TD: toroidal dipole. ES:
electric sextupole. MS: magnetic sextupole. (b) Two TD with
opposite momentums appear in the upper and lower part of the
cylinder when xcoe ¼ 0.982 and lcoe ¼ 0.634 (r1). The cylinder
has two ES on both sides and a MS in the middle when xcoe ¼
0.708 and lcoe ¼ 0.624 (r2). (c) Optical lateral force with the
relation of the aspect ratio and incident angle when xcoe ¼ 0.982.
(d) Superpositions of ES and MS with different kappa and
incident angles when xcoe ¼ 0.708 and lcoe ¼ 0.624. Sextupole
(SP). The lateral force Fy is enhanced significantly in two
resonance modes. Illustration of the Poynting vectors in the
y-z plane indicating (e) a negative lateral force Fy in system 1 and
(f) a positive Fy in system 2. Scale bars in (e) and (f) equal
100 nm.
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toroidal dipoles transits to a different dipole moment, the
radiation pattern will become asymmetric, generating a
negative force Fy on the cylinder in the presence of system
1. Similarly, the transition between the electric and mag-
netic sextupoles generates a positive component Fy when
system 2 is present.
The multipole modes can be found by sweeping the aspect

ratio lcoe as shown in Fig. 1(b). When the multipoles emerge,
the spectra of the scattering cross section and the optical
lateral force on the cylinder have abrupt changes. The optical
resonance increases the scattering cross section in all direc-
tions. The optical lateral force can be either enhanced or
suppressed according to different aspect ratios. It is shown
that the incident angle has less effect on the emergence of the
multipoles as shown in Figs. 1(c) and 1(d). The multipole
mode is also strongly related to the aspect ratio and chirality of
thenanocylinder, as shown inFigs. 1(c) and1(d), respectively.
The force Fy rises predominantly to a value comparable to

that in the light propagation direction for the chirality κ ¼ 0.3
and 0.4, where the optical scattering cross section also
increases abruptly as shown in Fig. S2(b). TheOLF is usually
very small compared to the optical extinction force pushing
nanoparticles [45,46]. When the nanocylinder presents the
resonance of system 2 [SP2 in Fig. 1(c)], the OLF Fy rises
prominently from near 0 to the same magnitude of Fx as
shown in Fig. S2(c) of Ref. [33]. To elaborate the origin of the
OLF, we plot in Figs. 1(e) and 1(f) the energy flux (Poynting
vector) surrounding the nanocylinder with system 1 and 2,
respectively. Three energy flux lines from the nanocylinder
are scattered to the right side, while only two energy flux lines
are scattered to the left side, manifesting an overall negative
lateral force (Fy < 0) as shown in Fig. 1(e). On the contrary,
more energy flux is scattered to the left side, resulting in a
positive lateral force (Fy > 0) as shown in Fig. 1(f).
When xcoe and lcoe change, the multipole modes occur in

the scattering spectrum due to the coupling of light with the

FIG. 2. Dispersion of modes and optical lateral force in a high-index chiral cylinder. (a) Scattering cross sections with dispersion
modes in a high-index chiral pillar. The nanocylinder with ε ¼ 80 and κ ¼ 0.4 is under the illumination of an s-polarization beam with
θ ¼ 50°. (b) Dispersion of modes near a BIC point. (c) Optical lateral forces near the BIC point. Scale bar equals 100 nm.

FIG. 3. Characterization of the multipole modes supported by a dielectric chiral cylinder. (a) Spectra of scattering cross section and
optical torques of the chiral nanocylinders near the BIC point. The solid lines and dashed lines represent the spectra and optical torques,
respectively. The ε and κ of the nanocylinder are 80 and 0.4, respectively. (b) Comparison of optical forces in the x and y directions on
the nanocylinders near the BIC point.
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cylinder chirality, Fabry-Pérot (FP), and Mie resonances, as
shown in Fig. 2. Some of the modes intersect with each
other and generate the BIC points with vanishing linewidth
of the spectra, [e.g., the red solid circles in Fig. 2(a)]. The
nano-cylinders trap light in the BIC points so that the
scattering efficiency is mitigated, which also results in
ultralow OLFs, as shown in the Supplemental Material
[33]. The enlarged maps near one of the BIC points are
shown in Figs. 2(b) and 2(c). The insets show the electric
field of different modes in the y-z plane. The modes in
points 1 (P1) and 3 (P3) are not pure TE or TM modes due
to the cylinder chirality and oblique incidence of light. The
point 1 contributes more to the TM mode comparing to the
point 3. The BIC point (P2) has strongly trapped light on
the edge of the nanocylinder. The simulation of optical
forces is performed in COMSOL using Minkowski stress
tensor integrated on the whole surface surrounding and
with a gap of 5 nm to the nanocylinder [47,48].
Figure 3(a) depicts the scattering spectra near a BIC

point (xcoe ¼ 0.731; lcoe ¼ 0.547). These spectra have
sharp peaks where the multipole dipoles occur, but a
vanishing line width near the BIC point. The optical torque
Mz usually increases with the appearance of multipole
modes with strong radiation enhancement. The component
Fy in Fig. 3(b) could be enhanced to be 1 order of
magnitude smaller than Fx in those multipole modes,
while Fy remains to be several orders of magnitude smaller
than Fx away from those multipole modes. Fy tends to be 0
at the BIC point. Interestingly, we find that Fy could reach
the same order of magnitude as Fx in the presence of some
particular high-order and multipole modes such as sextu-
pole shown in Fig. 1(d).
The chirality of the nanocylinder enables the generation

of circular electric currents and magnetic field flux inside
the cylindrical particle, as a typical signature of toroidal
modes. Figure 4 shows the distribution of displacement
current density (DCD) and magnetic field flux density
(MFD) inside the cylinders in system 1 and system 2. The
moments of toroidal dipoles transit three times from
negative to positive from z ¼ −20 to 20 nm, as shown
in Fig. 4(a). Interestingly, the moments of two toroidal
dipoles transit between positive (z ¼ −20 nm) and neg-
ative (z ¼ 20 nm). They interfere and generate two mag-
netic dipoles (MDs) with opposite moments at z ¼ 0. In
another scenario, the ES transits to MS, and further to ES,
from z ¼ −40 to 40 nm, as shown in Fig. 4(b). Between the
ES and MS, both the DCD and the MFD oscillate in six
loops, generating the superposition of ES and MS at
z ¼ −20 and 20 nm as shown in the Supplemental
Material [33]. Interestingly, and to the best of our knowl-
edge, the ES and MS had not yet been discovered in a
single dielectric element [3,49–51].
In conclusion, we have disclosed and analyzed the

superposition of multipole modes and its impact upon
optical lateral force in a chiral nanocylinder, under an

obliquely incident polarized beam. Electric and magnetic
quadrupoles, sextupoles, and toroidal dipoles, can selec-
tively coexist at different regions of a single nanocylinder.
The spectral lines of these multipole modes intersect at
specific regimes as shown in the dotted circles of Fig. 2(a),
and along those spectral lines, the optical lateral forces are
found to be significantly enhanced. The bound states in
the continuum trap the light and suppress the scattering
efficiency and the optical forces. The demonstration of
multipole modes and optical lateral forces on the chiral
nanocylinder facilitates the development of chiral sensors
and advanced optical manipulation platforms.
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