
Toward Lossless Infrared Optical Trapping of Small Nanoparticles
Using Nonradiative Anapole Modes

J. J. Hernández-Sarria,1 Osvaldo N. Oliveira, Jr. ,1 and J. R. Mejía-Salazar 2,*

1Instituto de Física de São Carlos, Universidade de São Paulo, CP 369, 13560-970, São Carlos, SP, Brasil
2Instituto Nacional de Telecomunicações (Inatel), 37540-000, Santa Rita do Sapucaí, MG, Brazil

(Received 5 April 2021; revised 1 July 2021; accepted 27 September 2021; published 26 October 2021)

A challenge in plasmonic trapping of small nanoparticles is the heating due to the Joule effect of metallic
components. This heating can be avoided with electromagnetic field confinement in high-refractive-index
materials, but nanoparticle trapping is difficult because the electromagnetic fields are mostly confined
inside the dielectric nanostructures. Herein, we present the design of an all-dielectric platform to capture
small dielectric nanoparticles without heating the nanostructure. It consists of a Si nanodisk engineered
to exhibit the second-order anapole mode at the infrared regime (λ ¼ 980 nm), where Si has negligible
losses, with a slot at the center. A strong electromagnetic hot spot is created, thus allowing us to capture
nanoparticles as small as 20 nm. The numerical calculations indicate that optical trapping in these
all-dielectric nanostructures occurs without heating only in the infrared, since for visible wavelengths the
heating levels are similar to those in plasmonic nanostructures.
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Optical tweezers with particle trapping by optical fields
[1–3] have been used to manipulate micron-sized particles
[4–10], DNA molecules [11], low-dimensional semicon-
ductor structures [12], and metallic [13] nanoparticles [14].
These tools are limited when dealing with minute nano-
particles, i.e., much smaller than the incident wavelength
(λ). Since the trapping force follows an r3 law [2], where r
is the radius of a spherical nanoparticle, there is an
abrupt drop with decreasing r. The trapping well becomes
shallower while its minimum depth should be −10kBT (kB
is the Boltzmann constant and T is the absolute temperature
in the trap) to avoid nanoparticle diffusing out of the trap by
Brownian motion [2]. Therefore, a stable optical trapping
of small nanoparticles requires high-power, tightly focused
laser beams, which may be unavailable or photodamage
temperature-sensitive particles. Moreover, conventional
optical tweezers use beams that can only be focused to a
diffraction-limited spot, and trapping is thus loose with
potentials distributed over regions much larger than the
trapped nanoparticles. These issues have been addressed
with strongly enhanced and localized plasmonic fields
(plasmonic hot spots), the leading approach for small
nanoparticle trapping [15–21]. Nevertheless, Joule heating
of metallic plasmonic platforms hampers applications with
biologically relevant molecules [22], as the losses associated
with plasmonic resonances may result in boiling water even
for incident optical intensities of only 8 mW=μm2 [20].
An alternative for low-loss electromagnetic field con-

finement and enhancement consists in exploiting the
electromagnetic resonances of high-refractive-index dielec-
tric nanostructures [23]. The excitation of nonradiating

anapole modes leads to concentrated electromagnetic
energy inside a single dielectric nanodisk or in an arrange-
ment of nanodisks [24–27]. An anapole mode arises from a
composition of electrical and toroidal dipole moments
with destructive interference of the corresponding far-field
radiation patterns and leads to energy concentration inside
the particle. This effect is exploited for third harmonic
generation [25] through excitation of second-order anapole
states within the near-infrared wavelength range. These
higher-order anapole states exhibit sharper resonances
with stronger energy concentration, as observed for Si
nanodisks on silica wafers [26]. However, the electromag-
netic field inside elementary scatterers should be inacces-
sible for interaction with nearby molecules or particles, a
limitation surpassed recently [28,29]. In particular, small
slots in dielectric nanodisks yielded subwavelength exter-
nal hot spots with electric field enhancements of up to
3 orders of magnitude [28,29], thus being accessible to
nearby molecules.
In this Letter, we propose all-dielectric nanostructures

for lossless optical trapping of small nanoparticles based on
the electromagnetic field confinement associated with the
second-order anapole mode of a single-slotted dielectric
nanodisk. The nanodisk was designed to exhibit the ana-
pole mode at the infrared where there is efficient optical
trapping of subwavelength dielectric nanoparticles with
diameters as small as D ¼ 20 nm. We considered a
Gaussian laser beam with incident power of 100 mW
and numerical aperture 0.85 impinging from the substrate,
i.e., with smaller intensity than in optical tweezers with
propagating beams. We demonstrate heating of resonant
dielectric nanostructures due to displacement currents for
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visible and near-infrared wavelengths. As in experimental
work [24], we considered the nanodisk made of amorphous
silicon, a glass substrate and water in the surrounding
medium. The induced optical force on the nanoparticles is
calculated through a rigorous treatment with the conserva-
tion law for momentum [6,30]

F ¼ d
dt

ðPmec þ PemÞ ¼
I
S
T
↔
· dS; ð1Þ

where Pmec and Pem ¼ ðεμ=c2Þ RV S dV are the mechanical
momentum and the electromagnetic field momentum,
respectively, inside a surface S enclosing the nanoparticle.
ε and μ represent the permittivity and permeability of the

medium, respectively. T
↔

is used for the Maxwell’s stress
tensor, given by [6,30]

T
↔ ¼ εEEþ μHH −

1

2
ðεE2 þ μH2Þ I↔; ð2Þ

where EE (HH) denotes the outer product and I
↔

repre-
sents the unit dyad [31]. Calculating the time average the
field momentum contribution goes to zero and the mechani-
cal average force becomes [6]

hFi ¼
I
S
hT↔i · dS; ð3Þ

where the integration is performed for the nanoparticle
within a closed surface. The finite difference time-domain
(FDTD) method was used within FDTD Solutions
(Lumerical Inc., Canada) to solve the electromagnetic
fields, forces and effective potentials. The force field
map and effective potential were obtained by repeating
the calculations at different center positions (r0). Since the
force is calculated for conservative systems, for wave-
lengths where the imaginary permittivity component
[ImðεÞ] is zero for the nanoparticle and surrounding
medium, an effective transverse potential is [32]

Uðr0Þ ¼ −
Z

r0

∞
hFxyðrÞi · dr: ð4Þ

The working principle is illustrated with Fig. 1 where a
nanodisk of amorphous silicon with radius R ¼ 420 nm
and height h ¼ 100 nm is placed on a semi-infinite glass
substrate. The system is surrounded by water and the
incident linearly polarized Gaussian beam impinges from
below. The electric field component of light is parallel to
the y axis. The length and width of the slotted region are
selected to produce high electromagnetic field enhance-
ments, since geometry affects the poloidal currents [29].
We used l ¼ 2

3
R ¼ 280 nm for the slot length to optimize

field enhancement inside the slot at the second-order
anapole mode [29]. The width was w ¼ 25 nm for field

enhancement. The effective potential for a dielectric
spherical nanoparticle with radius r ¼ 15 nm and refractive
index nnp ¼ 2.0 is shown above the structure representation
in Fig. 1. Results were calculated under resonant condition,
i.e., for λ ¼ 980 nm, as discussed below. The nanoparticle
placed 20 nm above the nanodisk is also illustrated. The
nanoparticle refractive index was set to an intermediate
value between proteins (n ≈ 1.6) and semiconductor quan-
tum dots (n ≈ 2.4) [33,34] to emphasize the suitability
to manipulate those kinds of nanoparticles. As observed
from the color scale, a stable transverse optical trapping
(U < −10kBT) is expected for this nanoparticle.
The design of the resonant dielectric nanostructure was

inspired by the strong electromagnetic field enhancement in
the slot region of a single-slotted silicon nanodisk in air,
where energy concentration was stronger with narrower
resonances for the second-order anapole mode than with
the first order mode [29]. This facilitates applying the
concept in realistic scenarios with the silicon nanodisk on a
glass substrate surrounded by water. Stable optical trapping
of small nanoparticles is made possible, as shown in Fig. 1.
The anapole modes are defined as the scattering dark states
due to the superposition of electric and toroidal dipole
moments, resulting in suppression of energy radiation. In
high-refractive-index dielectric nanodisks these modes can
be reached through high diameter-to-thickness aspect
ratios [24]. As we seek resonances above λ ¼ 950 nm,
where ImðεÞ ¼ 0 for Si [35] (see Supplemental Material,
Fig. S1 [36]), we used a diameter of D ¼ 840 nm, which
produced the second-order anapole resonance at
λres ¼ 980 nm, according to Fig. 2(a). Also shown are
the scattering cross section and normalized electromagnetic
energy. A peak appears for the energy at minimum
scattering cross section. The corresponding normalized

FIG. 1. Optical effective transverse potential and schematic
representation of the high-refractive-index resonant nanostruc-
ture. The nanodisk is illuminated with a linearly polarized
Gaussian laser beam from the bottom. The nanoparticle with
r ¼ 15 nm and nnp ¼ 2.0 is placed 20 nm above the nanodisk,
which is trapped by the near-field transmitted through the
structure. The substrate is considered semi-infinite.
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electromagnetic field profile for this resonant anapole mode
is shown in Fig. 2(b), featuring the four field zeros (along
the x direction) of the second-order anapole mode.
Following calculations analogous to Ref. [38], with eigen-
modes of the solid circular nanodisk having Bessel-like
profiles, the field profile in Fig. 2(b) comes from the super-
position of modes J0½ðx03=RÞr� and J2½ðx23=RÞr�, where
xml indicates the l-order zero of Jm (see Supplemental
Material, Fig. S2 [36]). With multipole decomposition
analysis we show unambiguously that this second-order
mode arises from the interplay between the electric dipole
and magnetic quadrupole contributions (see Supplemental
Material, Fig. S3 [36]), consistent with reports for large R
values [29].
We analyze the optical forces experienced by a 15-nm-

radius dielectric nanoparticle (nnp ¼ 2.0) placed 20 nm above
the slotted nanodisk in Fig. 1. Numerical results for the
transverse optical forces, i.e., Fx and Fy, are shown in
Figs. 3(a) and 3(b), respectively, which were obtained by
sweeping the nanoparticle along the xy plane at z ¼ 120 nm
where Eqs. (3) and (4) were solved. These transverse forces
work to localize the nanoparticle at the center of the nanodisk,
i.e., at this position the transverse optical force becomes zero.
For emphasis, the traces along the x ¼ 0 and y ¼ 0 planes
are shown in Figs. 3(c) and 3(d) for the effective potential
in Fig. 1. A minimum potential, i.e., Fxy ¼ −½ð∂U=∂xÞ;
ð∂U=∂yÞ� ¼ 0, with depth U < −10 kBT indicates that the
lateral forces will restore the particle to the equilibrium
position when Brownian motion or external forces try to
move it away from the near-field hot spot.
Along with transverse optical trapping, the nanoparticle

experiences a longitudinal force Fz pulling the particle
toward the slot as indicated in Fig. 4(a). In the slot region
there are higher near-field amplitudes producing stronger
forces and stiffer optical trapping. These calculations
were also made at z ¼ 120 nm along the xy plane. The
calculated longitudinal force Fz and transverse effective

potential depths as functions of z are shown in Figs. 4(b)
and 4(c), respectively, for nanoparticles with r ¼ 12 nm,
r ¼ 15 nm, and r ¼ 18 nm. Results were obtained for the
center of the nanoparticles from z ¼ 116 nm up to
z ¼ 130 nm. The effective potential depth for these

FIG. 2. (a) Scattering cross section and normalized electro-
magnetic energy as functions of incident wavelength. The vertical
dashed line indicates the second-order anapole resonance, featur-
ing maximum electric and magnetic energies inside the nanodisk
with minimum scattering values. (b) Normalized electric field
profile associated with the second-order anapole mode in (a). The
insets in (b) are used to illustrate the direction of oscillation of the
electric field component of light. FIG. 3. Transverse optical forces (a) Fx and (b) Fy experienced

by a dielectric nanoparticle, with r ¼ 15 nm and nnp ¼ 2.0,
placed 20 nm above the nanodisk. (c) and (d) are the traces of the
effective potential along the planes (a) x ¼ 0 and (b) y ¼ 0 for the
nanoparticle, respectively.

FIG. 4. Longitudinal optical force (Fz) field map generated on a
nanoparticle with r ¼ 15 nm with the center at z ¼ 120 nm.
Comparative calculations of (b) longitudinal optical force and
(b) the transverse effective potential for nanoparticles with radius
r ¼ 12 nm, r ¼ 15 nm, and r ¼ 18 nm, as a function of their
center position along the z axis. The results in (a)–(c) were
obtained for nnp ¼ 2.0. (d) Minimum of the effective potential as
a function of the nanoparticle refractive index. Calculations for a
nanoparticle 20 nm (z ¼ 120 nm) away from the top of the
nanodisk.
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nanoparticles placed at z ¼ 120 nm in Fig. 4(d) decreases
by decreasing the nanoparticle refractive index. Since the
longitudinal trapping force pulls the nanoparticle to the slot
region, and stable optical trapping may occur with plas-
monic optical potentials around U ≲ −6 kBT [39], we
expect stiff optical trapping of nanoparticles with refractive
indexes nnp ≥ 1.7 placed at distances up to 20 nm above the
structure (i.e., at z ¼ 120 nm). The trapping of nano-
particles with nnp ≥ 2.0 and radius r ≤ 15 nm should also
occur. This proposal is highly competitive with conven-
tional lossy nanoaperture-based plasmonic optical tweezers
for studying label-free proteins and their interactions with
DNA or small molecules [40]. Significantly, the possibility
to use substrates made of silicon-compatible ferromagnetic
semiconductors [41] (or externally applied magnetic fields)
may allow for enantioselective optical trapping through
magneto-optically induced lateral optical forces [42].
Figure 5(a) shows the transverse total optical force

pulling a nanoparticle with nnp ¼ 2.0 and r ¼ 8 nm, placed
10 nm above the nanodisk, towards the center of the
nanodisk. Since its diameter is smaller than the slot width
(25 nm), the nanoparticle can be stably trapped inside the
aperture, as shown in Fig. 5(b) with the Fz force field inside
the slot. The nanoparticle should then be stably trapped at
z ¼ 45 nm (almost at the middle height) of the nanodisk
inside this region. For convergence purposes, force calcu-
lations in Fig. 5(b) were performed using the dipolar
approximation, i.e., within the Rayleigh regime [7].
In resonant plasmonic nanostructures heat originates from

the Joule effect associated with electronic currents [43]. In
contrast to plasmonics, resonant dielectric nanostructures do
not have free charge carriers and losses should be negligible.
However, we show here the heating of dielectric nano-
structures in the presence of high displacement current
densities (Jd ¼ iωD, with D ¼ εε0E), especially within
the visible and near-infrared regimes where there are relatively
high losses [ImðεÞ]. Following the rationale of Refs. [43,44],
the heat power density for dielectric nanostructures is

qðrÞ ¼ 1

2
RefJ�dðrÞ · EðrÞg ¼ ω

2
ImðεÞε0jEðrÞj2: ð5Þ

The results were obtained at λ ¼ 980 nm, where
ImðεÞ ¼ 0 for amorphous silicon, as in Supplemental
Material, Fig. S2 [35]. Therefore, the nanostructure does
not suffer electromagnetic heating, as verified with numeri-
cal calculations (see Fig. 6) using the finite element method
(FEM) in COMSOL Multiphysics. Nevertheless, near the visible
wavelengths ImðεÞ increases with decreasing λ and stronger
electromagnetic heating is expected for lower wavelengths.
Figure 6(a) shows qðrÞ for a silicon nanodisk with R ¼
390 nm and h ¼ 100 nm, which exhibits the second-order
anapole mode at λ ¼ 924 nm. Since at this resonant
wavelength ImðεÞ ≈ 0.17 for amorphous silicon (see
Supplemental Material, Fig. S2), electromagnetic heating
is expected. Indeed, Fig. 6(a) shows that qðrÞ reaches
values above 25 × 10−4 ðnW=nm3Þ, i.e., the nanodisk is
radiating heat to the surrounding media.
Considering the system initially at room temperature,

we calculated the spatial temperature profile by solving
the heat diffusion equation under the steady-state
condition [44]

∇ · ½κðrÞ∇TðrÞ� ¼ −qðrÞ; inside the nanodisk; ð6Þ

∇ · ½κðrÞ∇TðrÞ� ¼ 0; outside the nanodisk; ð7Þ

FIG. 5. (a) Transverse total optical force Fxy calculated for a
nanoparticle with r ¼ 10 nm and nnp ¼ 2.0 with its center at
10 nm away from the nanodisk. (b) Normal optical force (Fz) on
the nanoparticle inside the slot region. Numerical results in
(b) were obtained within the dipolar approximation.

FIG. 6. (a) Numerical results for the electromagnetic heat
power density at λ ¼ 924 nm, at half the height of the nanodisk.
(b) Steady-state spatial temperature distribution profile for the
system in (a). (c) The maximum temperature increase (due to the
excitation of the second-order anapole mode) as function of
the nanodisk radius. The regions with and without electromag-
netic losses, labeled as heating and no heating, are indicated. The
circle within the heating region indicates the radius used for the
thermal calculations in (a) and (b), whereas the radius pointed out
in the no heating-region corresponds to the radius used for the
nanoparticle trapping calculations.
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where κðrÞ is the thermal conductivity, with κSi ¼
1.5 W=mK for amorphous silicon [45], κwater ¼
0.61 W=mK for water (surrounding the nanostructure),
and κglass ¼ 1.38 W=mK for glass. Numerical results in
Fig. 6(b) for the increase in temperature (i.e.,
ΔT ¼ Tf − Ti) versus Tf indicate the final temperature
at each point. The vertical dashed line in Fig. 6(c) illustrates
that nanoparticles with radius larger (lower) than R ¼
410 nm produce the second-order anapole modes at wave-
lengths where negligible (non-negligible) electromagnetic
losses occur. Note that for non-negligible electromagnetic
losses, convection in the surrounding fluid may constitute a
major drawback for stable particle trapping. The radii of the
nanodisks used for the calculations in Figs. 6(a) and 6(b)
(with λ ¼ 924 nm) and for the lossless optical trapping
(λ ¼ 980 nm) in Figs. 3–6 are pointed out. These calcu-
lations were made using FEM within COMSOL Multiphysics

(using the heat-transfer module), under a plane wave
illumination with incident power of 1 ðmW=μm2Þ.
In summary, we demonstrated a concept for efficient

lossless optical trapping of small nanoparticles, i.e., without
heating the structure, which may allow for manipulation of
small biological molecules and study their interactions.
Instead of plasmonic nanostructures, we use an all-dielectric
platform comprising a silicon nanodisk on a glass substrate,
surrounded by water. We exploited the second-order anapole
mode to create a hot spot at the small slot region, with which
nanoparticles with diameters of the order of D ¼ 20 nm
could be trapped with an incident field wavelength
λ ¼ 980 nm. Nanoparticles smaller than the width of the
slot are stably trapped inside the slot, which may find
applications in sorting small nanoparticles according to their
sizes [46]. On the other hand, larger nanoparticles are stably
trapped along the plane perpendicular to the nanodisk axis,
as a longitudinal force pushes the nanoparticle towards the
region inside the slot and guarantees stiff trapping. The latter
result enables further manipulation and processing of the
nanoparticle at the aperture surface. This trapping capability
for subwavelength particles (small D=λ ratios) is similar to
or even higher than most plasmonic counterparts, with the
advantage of not heating the structure. The compact design
can be extended to 2D arrangements of nanocylinders,
enabling practical applications through integration with
microfluidic channels.
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