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Conventional electromagnetic multipoles can be completed by complementary sources of toroidal moments,
opening the door to the engineering of a unique nanophotonic device group. The main contribution of this study is
comparing different light sources for enhancing the toroidal dipole response in a given system. We theoretically
study the toroidal dipole excitation in an individual dielectric nanodisk by structured light illumination, including
the tightly focused radially polarized beam and the focused doughnut pulse. The toroidal dipole and anapole can
be excited by the interplay of the radial and longitudinal components of the incident light. As opposed to the
plane wave illumination, the tightly focused radially polarized light can excite a near-ideal toroidal dipole while
the contributions of the Cartesian electric dipole and other modes are significantly suppressed. We also show
that the focused doughnut pulse is a promising tool for exciting a resonant toroidal response in nanophotonic
systems. Furthermore, it is demonstrated that toroidal-driven field confinement leads to an enhancement of
energy concentration inside the nanodisk that can potentially increase light harvesting and boost both linear

and nonlinear light-matter interactions.

DOI: 10.1103/PhysRevB.00.005400

I. INTRODUCTION

Nanoparticles have been known as an efficient tool to
control light-matter interaction after a seminal publication by
the German physicist Gustav Mie in 1908 [1]. The paper
explained why colloidal solutions with different gold nanopar-
ticles indicate different colors. Over the past decades, they
have attracted massive interest due to a wide range of appli-
cations in optoelectronic devices such as solar cells and light
sources [2]. Compared to the plasmonic counterpart, dielectric
nanoparticles are up and coming candidates for the control of
light-matter interaction due to the support of optically induced
magnetic response that provides an extra degree of freedom to
the system [3].

Expansion of an induced current density inside a nanopar-
ticle into a set of pointlike sources, called multipoles, is
an efficient tool for analyzing its interaction with light. The
expansion commonly consists of Cartesian electric and mag-
netic moments. Still, in the absence of magnetic charges,
the multipole paradigm can be completed by complementary
electromagnetic sources called toroidal moments [4]. The
lowest-order moment family member is the toroidal dipole
moment corresponding to the poloidal currents that flow on
a sphere along its meridians. In the interaction between a
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dielectric nanoparticle and an incident electromagnetic field,
the toroidal dipole moment represents the contribution of
poloidal current to the far-field scattering. Although the elec-
tromagnetic wave can induce a toroidal dipole moment, its
observation is often tricky as they are usually masked by the
contribution of the conventional electric and magnetic mo-
ments. The spatial scale of the toroidal dipole in the multipole
expansion is ~(§)3 where A refers to the wavelength of the
incident wave and R is the characteristic length of the particle;
therefore it is observable when the particle size is not small
compared to the wavelength [5]. Excitation of the toroidal
dipole in dielectric nanoparticles can provide the condition of
the radiationless anapole state coming from the out of phase
interference of the electric dipole moment with the toroidal
dipole moment [3,6]. There are also superdipole states [7,8]
formed by the constructive overlap of those two moments, and
the magnetic anapole [9], referring to the destructive overlap
of a magnetic dipole moment and its corresponding toroidal
moment. Electric field confinement in a dielectric nanoparti-
cle via anapole excitation has been recently demonstrated to
enhance light harvesting [10] that is crucial for photovoltaic
systems [11,12] and photodetectors [13—15]. More recently,
boosting toroidal response in a metasurface of Si nanopar-
ticles has led to a 30-fold increase in light absorption [16].
Furthermore, identifying higher-order toroidal multipoles is
essential for understanding light interaction with dielectric
particles and nanophotonics applications [8]. The study of the
resonant excitation of toroidal modes is thus of much interest.

©2021 American Physical Society
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Tailoring of light in full degrees of freedom to create
desired spatiotemporal beams and pulses is referred to as
structured light. It is achieved by reshaping the initial plane
wave to another optical field configuration with the desired
polarization, phase, and amplitude using the various phase
or amplitude control approaches such as spatial light mod-
ulations, metasurfaces, and variable transmission filters. As
opposed to various methods available to generate structured
light, their detection is usually carried out by qualitative anal-
ysis. For instance, the space-varying polarization of a vector
beam means that its intensity pattern will change after passing
through a polarizer and this change will be dependent on
the polarizer axis [17]. Structured lights have diverse appli-
cations from fundamental science to practical applications in
optical communication and industrial manufacturing [18-21].
They enable one to excite dark modes of nanostructures that
cannot be accessed by light with linear polarization [22,23].
In optical communication, their spatial modes serve as an
additional degree of freedom to increase the capacity of infor-
mation [24,25], and more recently, they have been suggested
for encoding information [26].

In this research, we compare different light sources for
enhancing the toroidal dipole response in a given system.
There are some studies [27,28] investigating the structured
light excitation of toroidal dipoles in dielectric nanoparticles,
but more work needs to be done on quantitatively compar-
ing the toroidal dipole response under different illuminations.
We study the toroidal excitation in an individual dielectric
nanodisk via its interaction with the plane wave and more
complex waveforms, including the tightly focused radially
polarized beam [29] and the focused doughnut pulse [5,30].
Despite extensive research on toroidal excitations by the plane
wave [31-35], structured light is of more interest due to its
potential for exciting a dominant toroidal response in the
geometrically simple nanosystems. It also enables new mech-
anisms and applications emerging in nanophotonics [26,36—
39]. We show that structured light can strongly interact with
the dielectric nanodisk due to the contributions of radial and
longitudinal components of the electric field supporting the
oscillating displacement currents along the nanodisk’s merid-
ians. An excellent toroidal dipole can be excited while the
Cartesian electric dipole is eliminated, leading to field en-
hancement and energy concentration within the particle. Such
a toroidal dipole excitation may be used for absorption en-
hancement and boosting nonlinear light-matter interaction in
all-dielectric nanophotonics. It is worth mentioning that all
Cartesian multipoles have their toroidal counterparts, such as
the second-order toroidal correction of an electric dipole and
the toroidal magnetic dipole [8], that go beyond the scope of
our study, but can be subject to future research.

II. TOROIDAL DIPOLE IN THE MULTIPOLE EXPANSION

In the absence of free charges, an electrodynamic system
can be described by a current density J(r, t). Based on the
Helmholtz theorem [40], the current density inside a particle
can be written in terms of scalar potential ¢ and vector poten-
tial A,

Jr,t)=Vo+VxA =J,+J., (H

FIG. 1. (a) Poloidal currents and (b) their corresponding mag-
netic field distribution that is associated with the excitation of the
toroidal moment.

where J is the solenoidal component, i.e., V.J; =0, and
J is the longitudinal component of the current density. The
bound charge conservation law (V - J = —%—f) is therefore
satisfied by J. The expansion of J is characterized by the
multipole moments depending on bound charge density, while
J 1 is independent of charge moments and determined by two
other families of moments. Assume that the neighborhood of
the center point r = 0 represents a small sphere; then one
moment is characterized by the toroidal currents that flow
along the sphere’s parallels. The second is characterized by
the poloidal currents flowing over the surface along the merid-
ians and continuing with an internal flow from the north pole
to the south pole [Fig. 1(a)]. Excitation of toroidal electric
moment T [4,41] is attributed to a confined magnetic field
created by the poloidal currents as illustrated in Fig. 1(b).

There are two representations for analyzing the electro-
magnetic properties of dielectric nanoparticles. One is the
multipole decomposition of electromagnetic fields in terms
of the spherical harmonic coefficients. The total scattering
cross section studies the radiation properties as a series of the
spherical multipole scattering coefficients:

00 1

=5 ,Z Zl @1+ Dllag@, m)> + lay @, m)P],

=1 m=—

@)
where ag(l, m) is the spherical electric multipole scattering
coefficient, and ay, (I, m) represents the spherical magnetic
multipole scattering coefficients [32,42].

The second representation is the multipole decomposition
of the Cartesian components of current density inside the
particle. Toroidal multipoles appear via the induced current
density expansion inside the particle [32]:

1\
Jen=>)" CD 00, a5, 3)

I!
1=0

where Bf” . (a tensor of rank /) represents the multipole
moments, and r is the vector from the center point of the co-
ordinates to an arbitrary point of the current distribution area.
When the nanoparticle is illuminated by an electromagnetic
wave, the electric dipole and toroidal dipole moments in the
Cartesian representation (P, and T ., ) are expressed as [37]

i 3 1 3 2
Pcarz_ Jd r, Tcar= dr[r(r~J)—2r J]a
w
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where c is the speed of light, w is the angular frequency, and
J is obtained from

J = —iwey[n* — 1]E, 3)

where ¢ is the electric permittivity of the vacuum, n shows
the refractive index of the particle, and E is the electric field
inside the particle calculated by solving Maxwell’s equations
using the finite element method (FEM). The contribution of
the electric and toroidal moments to the total scattered field
is [32]

2

k
Eg, ~ 1 (n X Peyy xn+ikn x Ty X n). (6)

TTEQ

The relation shows that the electromagnetic radiation of a
toroidal dipole repeats the pattern of an electric dipole mo-
ment scaled by a multiplication ik where k refers to angular
wave number. In the far field, as a result, their radiations
are not distinguishable. Therefore, the electric dipole and the
toroidal dipole cannot be separated when the spherical multi-
pole decomposition of electromagnetic fields is used.

It can be seen from Eq. (6) that far-field radiation becomes
zero when the contributions of the electric dipole and the
toroidal dipole moments in the scattering are out of phase:

Poyw = —ikT . (N

This is the necessary condition for the excitation of a radi-
ationless anapole state. The scattering intensity of the electric
and toroidal multipoles are also calculated by [37]

4d
3¢t

where the last term points to the constructive or destructive
interference between the electric and toroidal dipoles.

2w* 2 2w ) s
Isca ~ |Pcar| + |Tcar| + IIII(PcaI : Tcar)» (8)
3c3 3¢3

III. EXCITATION OF TOROIDAL DIPOLE

A resonant toroidal dipole can be excited through two
approaches: One is engineering dielectric nanostructures that
have toroid geometry, and the second is the design of properly
polarized laser pulses [27,28,31]. The latter is more promising
for exciting substantial toroidal response in the geometri-
cally simple systems with nontoroidal configuration. It arises
from the fact that linearly polarized light has an electro-
magnetic field preserved by the space-inversion symmetry.
Therefore, careful engineering of subwavelength structures
that can break the space-inversion symmetry is required for
inducing dominant toroidal response [27,43]. This section
will discuss toroidal dipole excitations in an individual high-
index dielectric nanodisk by a plane wave and structured
light, including the tightly focused radially polarized beam
and the focused doughnut pulse. The refractive index of the
nanodisk is n = 3.5, and the surrounding medium is air. To
study the interaction of the pulse with the dielectric nanodisk,
we considered an idealized nondispersive nanodisk. Interac-
tions between light and the nanodisk were simulated through
solving Maxwell’s equations by the finite element method on
COMSOL MULTIPHYSICS.

E Spherical
= 2 :
¢ e 1 Total
(a) = —ED
208t ---MD
k g —EQ
E__l 0.6f =---MQ
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FIG. 2. (a) Configuration of the toroidal dipole excitation where
an electromagnetic plane wave illuminates a dielectric nanodisk. (b)
Contributions of multipoles up to quadrupole order in the spherical
representation. (c) Cartesian electric and toroidal dipoles. The red
arrow indicates the toroidal dipole excitation when P, =0 and
Pyn # 0. (d) Electric energy within the nanodisk as a function of
radius. The toroidal dipole led to a concentration of electric energy
inside the nanodisk of 300 nm.

A. Plane wave

Among various solutions of Maxwell’s equations explain-
ing the electromagnetic radiation behavior, the plane wave of
infinite energy [E & H ~ exp(ikr — wt)] is the well-known
solution. As the excitation of a toroidal dipole by plane wave
illumination in a nanoparticle possessing spherical geometry
is generally accompanied by a strong contribution of higher
multipoles [32], we investigated the excitation of the toroidal
dipole in a nanodisk. Configuration of the excitation is illus-
trated in Fig. 2(a), where an electromagnetic plane wave (A =
1550 nm) illuminates the nanodisk of radius R and height
300 nm. We first analyzed the multipolar decomposition up
to quadrupole in order to understand the characteristics of the
optical response. Spherical representation of the multipole ex-
pansion up to quadrupole order as a function of the nanodisk
radius is presented in Fig. 2(b). The scattering spectrum is
dominated by two conventional electric and magnetic dipoles
over the full radius range. Furthermore, for the radii larger
than 300 nm, higher modes, including electric and magnetic
quadrupoles, start to contribute to the scattering. There is also
a dip in the total scattering around 310 nm corresponding
to an anapole excitation. To confirm this, we calculated the
electrical dipole contribution in the Cartesian representation
and illustrated the result in Fig. 2(c). It splits the spherical
electric dipole into the Cartesian electric and toroidal dipoles.
As expected, the contribution of the dipole toroid becomes
more significant for larger particles due to the increase of the
size to wavelength ratio §. Destructive interference between
the Cartesian electric and toroidal dipoles, then, led to the
excitation of the anapole around 310 nm. At this state the
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spherical electric dipole moment (that refers to the scattered
field) is zero, Pgyp ~ Peor + ikT oo = 0, while the Cartesian
electric dipole moment (that indicates the induced charge
polarization inside the nanodisk) is nonzero; i.e., Pc, # O.
This phenomenon led to a suppression in the total scatter-
ing manifesting itself as a dip in the spectrum of Fig. 2(b).
Here we are interested in the opposite phenomenon: While
the induced electric dipole moment inside the nanodisk is
absent, a contribution to the far field exists; i.e., Pc,r = 0 and
Py, # 0. This is related to the toroidal dipole excitation at
the radius of 300 nm marked by the red arrow in Fig. 2(c).
The electric dipole is zero, but the toroidal dipole contributes
to the far-field scattering. Nevertheless, the anapole and the
toroidal excitation are not strong and are easily masked by the
other contributing modes. As a result, we can see the magnetic
dipole in conjunction with quadrupole modes account for 75%
of the multipole scattering at the resonant toroidal excitation.

Tight field confinement associated with toroidal modes
may enable one to concentrate energy in the subwavelength
volumes. Therefore, it is anticipated that toroidal dipole ex-
citations result in an enhancement of energy concentration
inside the nanodisk. To investigate this, we calculated elec-
tric field energy within the nanodisk (W = % S |E|*dr) as
a function of its radius in Fig. 2(d). There is a prominent
peak in the energy diagram around the radius of 200 nm.
This corresponds to the magnetic dipole resonance excitation,
leading to strong confinement of optical energy inside the
dielectric nanostructures [44]. There is a second peak at 300
nm corresponding to the toroidal dipole excitation. It shows
that the toroidal dipole excitation in conjunction with a sup-
pressed electric dipole can concentrate optical energy inside
dielectric nanoparticles. Nevertheless, as mentioned earlier,
other existing modes dominate the toroidal dipole excitation.
Therefore, it is not surprising that the peak corresponding to
the toroidal dipole excitation is not the strongest peak.

B. Tightly focused radially polarized beam

An alternative way to excite a toroidal dipole in the nan-
odisk is to use a tightly focused radially polarized beam that
belongs to the family of cylindrical vector beams. This is a
light source with an ultrasmall focal area and an inherently
broken spatial-inversion symmetry. Toroidal excitation by this
scheme is schematically shown in Fig. 3(a), where the dielec-
tric nanodisk is placed at the focal point of a tightly focused
radially polarized beam. When a beam with radial polarization
illuminates a pupil, a solid longitudinal component of the
electric field is created near the focal point. The azimuthal
component of the electric field near the focus is zero, while
the longitudinal (£;) and radial (E,) components are defined
as follows [29]:

E.(p,7) = 2iA / cos20sin?01(0)Jo(kp sin 0)e* 49
0

E,(p,2) =A / cos20 sin (20)lo(0)J; (kp sin 0)e*%s? 4g.

0
©))

We adopted a similar notation to that of Richards and
Wolf [45] in which 0 is the angle that a ray makes with the z
axis, and « is the angular aperture [see Fig. 3(a)], obtained by

sin~!'(NA/n,,). We considered the numerical aperture NA =
0.86, and the medium refractive index n,, = 1. The constant
in the relation is A = 1, the parameter J refers to Bessel
functions, and [/, represents the relative amplitude of the field
that is expressed as

[ 2(sin9>2] < sine)
lo(0) = exp| =By | = Ji| 2Bo— .
sina sin o

The beam waist has been taken as By = 3/2 in our calcu-
lation. A radially polarized beam has an azimuthal magnetic
field component that can be considered analogous to the mag-
netic field distribution of a toroidal dipole.

Spherical scattering of the tightly focused radially polar-
ized beam is illustrated in Fig. 3(b). It can be seen that
electrical modes play the main role, while magnetic modes
are suppressed. It demonstrates that the radial and longi-
tudinal components of the electric field and the geometry
of the disk have not induced the transverse current leading
to the excitation of magnetic modes. Figure 3(c) shows the
spherical electric dipole separated into the Cartesian electric
and toroidal dipoles. For the radii larger than 300 nm, the
toroidal dipole is strongly excited, which is attributed to the
existence of the longitudinal and in-plane electric fields of
the incident light. Combining these two electric field com-
ponents would lead to the drive of poloidal currents along
the nanodisk’s meridians and thus the excitation of the dipole
toroid. Differences between the scattering characteristics of
the tightly focused radially polarized beam and the plane wave
[Figs. 2(b) and 2(c)] are observable. Unlike the plane wave
case in which magnetic modes made significant contributions
across the full radius range, a tightly focused radially polar-
ized beam strongly suppressed magnetic modes. Furthermore,
again unlike the case of the plane wave, Fig. 3(c) shows that
the toroidal dipole becomes the dominant multipole up to
quadrupole order for the radii larger than 300 nm. Besides,
there is another difference related to toroidal excitation. Three
points corresponding to the electric dipole excitation, the
toroidal dipole excitation, and the anapole state are marked
in Fig. 3(b) and 3(c) by red, green, and blue circles, respec-
tively. The tightly focused radially polarized light led to the
toroidal dipole excitation at the radius of 355 nm (green circle)
that suffers only from a weak EQ contribution, while for the
plane wave case, off-resonant magnetic modes dominate the
toroidal excitation and account for more than 70% of the total
multipole scattering [see Figs. 2(b) and 2(c)].

Three-dimensional far-field radiation patterns correspond-
ing to the three marked excitations are illustrated in
Figs. 3(d)-3(f). The electric dipole and the toroidal dipole
[the red and green circles in Fig. 3(c)] have almost identical
radiation patterns with a slight difference due to the weak
contribution of higher-order multipoles. Therefore, this near-
ideal toroidal dipole is not distinguishable from the electric
dipole using the far-field radiation pattern. Cartesian multipo-
lar decomposition analysis was required for its identification.
Figure 3(f) shows the radiation pattern of the anapole state
(the blue circle around R = 430 nm). The dominant modes
at this wavelength are the electric and toroidal dipoles, but
these modes cancel most of the radiation of each other at the
far field due to the formation of the anapole state. Therefore,

(10)

005400-4

295
296
297
298

299

300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334
335
336
337
338
339
340
341
342
343
344
345
346
347
348
349

350



BE14554

351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368

369

PRB September 29, 2021 6:59

STRUCTURED LIGHT EXCITATION OF TOROIDAL ...

PHYSICAL REVIEW B 00, 005400 (2021)

Spherical multipoles

Cartesian multipoles
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g £02
3 o
100 200 300 400 100 200 300 400
Radius (nm) Radius (nm)
As
(d) A 143 (e) A117 ()
=) | :
10 8
P 3
5 4 2
2 1
vix V¥ 4.55%x107
. V¥ 0.02
¥ 3.77x107
Electric dipole Toroidal dipole Anapole
S (e a5 () is
: 16
§08 l;s 14
: 0.6 Ha2.s 11.2
20 2 (1)8
% - }'S 0.6
< 0.2 0.5 0.4
= 0 0.2
2 0 = :
S 100 200 300 400 z . Electricdipole Toroidal dipole Anapole
s

Radius (nm)

FIG. 3. (a) Configuration of toroidal mode excitation by the tightly focused radially polarized beam. A tightly focused radially polarized
beam in which both radial and longitudinal components of the electric field (red arrows) are built by a focusing lens illuminating a dielectric
nanodisk. (b,c) Multipoles in the spherical and the Cartesian representations. Three points corresponding to the electric dipole excitation,
the toroidal dipole excitation, and the anapole state are marked by red, green, and blue circles, respectively. (d—f) Far-field radiation patterns
of three marked spots. (g) Electric field energy within the nanodisk as a function of radius. The maximum energy concentration within the
nanodisk happens at toroidal excitation. (h—j) Near-field distribution at three different excitations of the electric dipole, the toroidal dipole, and

the anapole.

we can see far-field radiation that is somewhat similar to the
typical quadrupole radiation pattern due to the presence of
other modes, in particular the electric quadrupole.

We calculated the electric field energy within the nanodisk
as a function of radius in Fig. 3(g). There is a peak in the
electric energy curve near the toroidal excitation. This arose
from the confinement of the electromagnetic field inside the
nanodisk due to toroidal dipole excitation. Thus, we achieved
a significantly enhanced electric energy localized within the
nanodisk. Unlike the plane wave excitation, there is no peak
in the energy spectrum corresponding to magnetic excitation
as the tightly focused radially polarized light has not signifi-
cantly excited the magnetic modes. The near-field distribution
of the electric field can confirm the electric energy localization
inside the nanodisk. As shown in Figs. 3(h)-3(I), although
both the electric dipole and the toroidal dipole show elec-
tric fields of the same intensity, the electric dipole excitation
mainly distributes the electric field near the nanodisk. The
toroidal excitation, in contrast, concentrates it inside the nan-

odisk. For the anapole state, we can see electric energy is
localized within the nanodisk although the spread of energy
outside the nanodisk is also observable, which may come from
the contribution of EQ and higher modes.

C. Focused doughnut pulse

Another solution to the homogeneous Maxwell’s equa-
tions, known as pulse solution, refers to the localized
electromagnetic energy propagating in the free space [46].
Of particular interest of the pulse solution is the focused
doughnut pulse first introduced by Hellwarth and Nouchi [47].
The topology of electromagnetic fields in this kind of pulse
is similar to toroidal multipoles in the matter, making it an
interesting option to induce a toroidal response in nanopho-
tonic systems. More recently, generation and observation of
such toroidal light pulses have been reported by Zheludev’s
group [48]. Figure 4(a) schematically illustrates the nanodisk-
doughnut pulse interaction. The focused doughnut pulse is a
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FIG. 4. (a) Configuration of toroidal mode excitation by a
focused doughnut pulse. A transverse magnetic (TM) focused dough-
nut pulse illuminates a nanodisk at its focus point. Blue and gray
arrows represent the E and H fields, respectively. (b) Multipolar
decomposition in the spherical representation. A dip around 310 nm
in the total scattering spectrum is observed that is attributed to an
anapole state. (¢) Multipolar decomposition in the Cartesian repre-
sentation. Weak resonance around 360 nm corresponds to toroidal
dipole excitation. Black line points to the nonideal anapole. (d)
Electric energy within the nanodisk as a function of its radius.

single-cycle electromagnetic pulse in which fields are spa-
tially localized within the toroidal configuration, converging
to a focus and then diverging. The components of the fields
of the transverse magnetic (TM) focused doughnut pulse are
expressed in cylindrical coordinates (p, 6, z) as follows:

p (q1 + g2 — 2ict)
(02 + (q1 + it)(g2 — io)]

o (g2 — q1 — 2iz)

E, = 4ifi 0\/E ; 3
80 [p2 + (q1 + it)(g2 — io)]
E = _4f0\/E p* —(q +.l'f)(612 —.iU)y
&0 [p2 + (q1 + it)(g2 — io)]
where 0 = 7 + ct, T = z—ct, fp is an arbitrary dimensionless
constant for normalization, and the parameters g; and ¢, are,
respectively, the wavelength of the doughnut pulse and the
depth of the focal region [37,47]. The pulse with the parameter
q>» = 100 g is considered and the nanodisk is located at p =
z = 0. The pulse is simulated at the time ¢t = 0 corresponding
to the focus point.

Here we study the interaction of the TM doughnut pulse
with the nanodisk. Electric field components (longitudinal and
radial) are an analog to the poloidal currents, and the az-
imuthal magnetic field is analogous to the closed loop of the H
field. Due to the toroidal configuration of the doughnut pulse,
we expect the toroidal mode excitation inside the nanodisk.
We first analyzed the multipoles excited inside the nanodisk
up to quadrupole to uncover the nanodisk—doughnut pulse

interaction characteristics. Contributions of the multipoles to
the scattering for various radii nanodisks are illustrated in

Hy = 4ify

Y

Figs. 4(b) and 4(c). For smaller particles, like the focused radi-
ally polarized case, the electric dipole is dominant because of
the strong coupling between the nanodisk and the longitudinal
component of the electric field in Eq. (11). This dominant
mode is, however, accompanied by an electric quadrupole
contribution. As both nanodisk and the focused doughnut
pulse have cylindrical symmetry, it is not surprising that the
magnetic response in Fig. 4(b) is suppressed over the radius
range of interest. As opposed to magnetic modes, the electric
quadrupole exists over the full radius range, possibly due to
the varying radial electric field across the nanodisk. When the
radius increased beyond 300 nm, the toroidal dipole became
the dominant mode up to quadrupole order, as can be noticed
from Fig. 4(c). It is evidence of the poloidal currents flowing
along the meridians of the disk produced by the interplay
of both longitudinal and radial electric fields. Furthermore,
toroidal dipole excitation around 360 nm shows a weak reso-
nance. This is an exciting feature because it indicates that the
focused doughnut pulse is a promising option for exciting a
resonant toroidal response accompanied by a vanished electric
dipole in metamaterials with nontoroidal configurations. We
also observe a dip around 310 nm in the total scattering spec-
trum in Fig. 4(b) that is attributed to an anapole state where a
suppressed scattering is observed despite the presence of both
electric and toroidal dipoles. However, this anapole state is not
pure, and multipolar analysis is more complex. First of all,
the electric and toroidal moments do not possess an exactly
equal magnitude [black line in Fig. 4(c)]; therefore, a part
of the far-field radiation remains. As a result, the spherical
ED magnitude at the anapole state [the dip in Fig. 4(b)] did
not become zero. Furthermore, the contribution of the electric
quadrupole is not negligible, and its effect on the anapole
cannot be ignored. Moreover, we considered a limited number
of modes (up to the second order of the expansion) in the
multipolar analysis. Thus there might be higher multipoles
affecting this state. Overall, a pure and perfect anapole ex-
citation cannot be obtained by a free space electromagnetic
source [27]. Despite all that, we can still see the confine-
ment of electric energy at the anapole and toroidal resonance.
Figure 4(d) shows electric energy within the particle as a
function of its radius. The energy curve exhibits a peak, but
it is neither at the anapole nor at the toroidal resonance due
to the complexity of multipoles’ contribution, as discussed
earlier. However, it is located near the anapole and toroidal
resonance which confirms the confinement of electric energy
inside the nanodisk at these two states. In fact, both anapole
state and toroidal resonance exhibit an energy concentration
of about 65%.

IV. CONCLUSION

We studied toroidal dipole excitation in an individual di-
electric nanodisk under structured light illumination. Two
structured lights have been investigated: the tightly focused
radially polarized light and the focused doughnut pulse. Such
structured lights can strongly interact with dielectric nanos-
tructures due to the versatile polarization and spatial field
distribution. Our results suggest that structured lights are
more powerful tools for the resonant excitation of toroidal
modes in nontoroidal structures than plane wave illumi-
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nation. They can significantly suppress the contribution of
magnetic multipoles and allow the toroidal dipole to be
the leading term in the optical response of nanodisks. The
tightly focused radially polarized beam excited a near-ideal
toroidal dipole moment with a far-field radiation pattern
similar to an electric dipole moment. Furthermore, it was

shown that the toroidal-driven field confinement leads to
an energy concentration within the nanodisk. Therefore, the
structured light excitation of the toroidal response could
potentially enhance the linear and nonlinear light-matter in-
teractions and tailor subwavelength absorbers in all-dielectric
nanophotonics.
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