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Excitation of Nonradiating Anapoles in Dielectric Nanospheres
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Although the study of nonradiating anapoles has long been part of fundamental physics, the dynamic
anapole at optical frequencies was only recently experimentally demonstrated in a specialized silicon
nanodisk structure. We report excitation of the electrodynamic anapole state in isotropic silicon
nanospheres using radially polarized beam illumination. The superposition of equal and out-of-phase
amplitudes of the Cartesian electric and toroidal dipoles produces a pronounced dip in the scattering spectra
with the scattering intensity almost reaching zero—a signature of anapole excitation. The total scattering
intensity associated with the anapole excitation is found to be more than 10 times weaker for illumination
with radially vs linearly polarized beams. Our approach provides a simple, straightforward alternative path
to realizing nonradiating anapole states at the optical frequencies.
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Nonradiating sources are special configurations of
charge-current distributions that do not radiate in the far
field [1,2]. Historically, nonradiating sources attracted a
lot of attention in the field of quantum mechanics in the
context of radiationless motion [3], extended electron
models [4], as well as providing possible scenarios for
observing a dynamic Aharonov-Bohm effect [5]. Recently,
there is a growing interest in nonradiating sources in
nanophotonics and quantum optics because of their ability
to highly confine electromagnetic fields in subwavelength
structures [6—15]; of particular interest are bound states in
the continuum [6-8] and anapole states [9-13].

Bound states in the continuum, which are embedded
eigenstates of an open cavity, are characterized by resonant
frequencies lying in the continuum spectrum of radiating
modes within the structures [6-8]. On the contrary, ana-
poles are not inherent states of a resonant structure but
dynamic excitations, which depend strongly on external
parameters such as the properties of the incident beam
or the excitation geometry [9-13,16], as typically done in
the context of cloaking devices [17]. More specifically,
for time-varying oscillating charge-current distributions,
electrodynamic anapoles are related to the so-called electro-
dynamic foroidal dipoles corresponding to current flows on
the surface of a torus [18]. The superposition of the
scattered fields of conventional and toroidal dipoles that
have the same amplitude but are out of phase can result
in the total cancellation of far-field scattering amplitude.
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This cancellation of far-field scattering amplitude is termed
a nonradiating electrodynamic anapole [9—-13]. It has been
predicted that efficient excitation of the nonradiating ana-
pole states can give rise to enhanced nonlinear effects
[19-21], nanolasers [22], ideal magnetic scattering [23],
broadband absorption [24], metamaterials and metasurfa-
ces [25], as well as extremely high Q factors (~10°) and
near-field enhancements [26,27].

Despite the concept of a toroidal dipole mode existing in
the literature since the 1980s [28,29], the interfering state
of toroidal and conventional dipoles or simply the anapole,
was experimentally demonstrated in composite structures
in the microwave regime only in 2013 [10], and within
specially designed individual dielectric nanodisks at optical
frequencies only in 2015 [9]. Detection of anapoles requires
the design of specialized structures, such as nanodisks [9],
radially anisotropic nanospheres [30], and core-shell nano-
structures [31,32] so that the dominant contribution of
scattering comes from the electric and toroidal dipole mode
with all other modes strongly suppressed. As a result, it is
not possible to detect the anapole states in isotropic spheres
under plane wave illumination [9,11,13,33], because both
electric multipoles and (adjacent) magnetic multipoles are
excited from spherically symmetric nanoobjects, preventing
a perfect cancelation of the far-field scattering.

However, fabrication of these highly specialized structures
requires complex nanofabrication, which makes experimen-
tal observation of anapoles in these proposed specialized

© 2020 American Physical Society
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structures not feasible at this time. To this end, it would be
desirable to be able to excite anapoles in simple nano-
structures, such as a nanosphere without relying on the
fabrication of complex nanostructures. Recently, Urbach
and co-workers [33] theoretically proposed that one could
possibly excite nonradiating anapoles within high-index
isotropic nanospheres using a tightly focused radially polar-
ized cylindrical vector beam (CVB).

In this Letter, we report experimental excitation of the
electrodynamic anapole state within isotropic nanospheres
using a tightly focused radially polarized CVB. Specifically,
we show that the radially polarized CVBs [33-37] allow
selective excitation of electric multipoles, and hence the
anapole state within silicon (Si) nanospheres. Radially and
azimuthally polarized CVBs have been previously used to
selectively excite and enhance multipolar resonances in a
number of material systems [38—40]. Our experimental
results show that for certain wavelengths (4 ~ 500 nm for
nanosphere diameter, d ~ 160 nm; and A4~ 520 nm for
d ~ 180 nm), the (total) scattering intensity shows pro-
nounced dip with the scattering intensity almost reaching
zero, and the scattering intensity is more than 10 times
weaker for illumination with radially vs linearly polarized
beams. The results of electrodynamic simulations show that
the anapole conditions are satisfied at wavelengths at which
the scattering minima appear in the experimental spectra,
and the internal energy is approximately 6 times greater for
illumination with radially vs linearly polarized beams.

Our results demonstrate that we are capable of exciting
electrodynamic anapole states in high-index (Si) nano-
particles having spherical geometry. Since the particular
polarization property of the illumination is responsible for
the anapole excitation by suppressing unwanted magnetic
modes in the nanosphere, our approach provides a simple,
straightforward alternative path to realize the aforemen-
tioned intriguing possibilities [19-27], such as extremely
high Q factors (~10°) and near-field enhancements [26,27]
without relying on the design of specialized structures.

Theoretical considerations.—The Cartesian electric
dipole moment at frequency w is given by [9]

i
Plw) = — / J(w)dr, (1)
w Jy
with
J(w) = —iwegle, — 1E(w), (2)
being the induced current density produced by the electric
field, E, ¢, is the relative permittivity of Si, and the integral
in Eq. (1) is over the volume of the nanosphere, V. In our
Fourier representation, we omit the exp(—iwr) time
dependence of the fields. In addition to the excitation of

P, the incident field also excites a current density in the
form of a toroidal dipole moment given by

1) = 1o, [ A J@)r =270 @)ar. ()

Therefore, the total dipolar contribution to the far-field
radiation is

k [Fx P(w) xF+ ikr xT(w) xr], (4)

Escat(r7 a)) ~ 47[807‘

where 7 is the normalized vector of the observation direction.
The scattered far-field radiation, E ., will vanish if

P(o) = —ikT (o). (5)

That is, the contributions of the Cartesian electric and toroidal
dipoles to the scattered field are equal and out of phase—this
is the condition for anapole excitation [9].

Observation of a nonradiating anapole state requires
proper electric and toroidal dipole excitation, and the
suppression of other multipole modes which can contribute
to the total scattered power. It was proposed that one could
possibly satisfy these requirements by selective excitation
of the electric modes in dielectric nanospheres having a
refractive index, n = 3.5 and d = 200 nm using radially
polarized beams [33]. Having n ~ 3.5-4.0 [41], Si nano-
spheres with d ~ 150-200 nm would be ideal candidates to
validate the excitation of electrodynamic anapoles using
radially polarized beams experimentally. A schematic of this
idea is shown in Fig. 1(a). The selective excitation of electric
modes by a focused radially polarized beam can be explained
by the multipole expansion of the scattered field [33,42,43]:

00 I
Escat(r7 a)) - Z Z [pOEml<a))N211(r7 0))
+ Py (@)M (1, )], (6)

where N° (r,w) and M° (r,w) are the vector spherical
harmonics associated with the electric and magnetic modes,
and pY, () and pY,, ,(w) are the strengths of the electric
and magnetic components, respectively. For an on-axis
radially polarized beam, p,, ;(w) = 0; i.e., all the magnetic
multipole components are zero.

The distributions of the local fields calculated for a Si
nanosphere with d = 160 nm for radially polarized beam
excitation using a generalized Mie theory (GMT) [44,45]
are shown in Fig. 1(b). The GMT simulations reveal that
the toroidal current is produced by currents flowing on the
surface of the Si nanosphere along the z direction, i.e., the
beam propagation direction. Hence, destructive interfer-
ence of the z component of the fields scattering from a
Cartesian dipole moment and toroidal dipole moment of a
Si nanosphere for a radially polarized beam can completely
cancel the scattering amplitude in the far field.

Experimental and simulation considerations.—The Si
nanospheres were synthesized colloidally from Si-rich
borophosphosilicate glass as reported previously [46]. A
brief description of synthesis and the transmission electron
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FIG. 1. Demonstration of the anapole excitation and simulated
electric field distributions. (a) Schematic diagram showing
excitation of a Si nanosphere (d ~ 160 nm) for radially polarized
beam excitation. In addition to the z component of the electric
resonances (P.), the radially polarized beam is expected to
generate a z component of the toroidal response (T,) produced
by the circulating magnetic field (H) associated with the poloidal
currents (J,) flowing in the bulk. (b) Streamlines of the total
electric field for radially polarized beam illumination as calcu-
lated using generalized Mie theory show that the toroidal current
[given by Eq. (3)] is indeed produced within the volume of the
nanosphere.

microscope image showing almost perfect spherical shape
of the nanoparticles is provided in Sec. I in the
Supplemental Material (SM) [47]. The solutions of Si
nanospheres were drop cast and dried on a glass substrate
before measurement. The scattering spectra of single Si
nanospheres were measured using a broadband vector
beam scattering spectroscopy that we developed recently
[39,51]. Briefly, the output of a spatially coherent broad-
band continuum was sent through a liquid crystal polari-
zation converter, which was then coupled to an inverted
optical microscope equipped with a 40x air objective with
numerical aperture, NA < 0.9. The back-reflected scatter-
ing spectra of single Si nanospheres were recorded by a
CCD connected to an imaging spectrometer coupled to the
side port of the microscope via a homebuilt achromatic 4 f
relay system. The details of the experimental setup are
described in Sec. II in the SM. Figure 2 shows the
experimentally measured [Figs. 2(a) and 2(c)] and corre-
sponding simulated [Figs. 2(b) and 2(d)] scattering spectra
of single Si nanospheres with d ~ 160 nm [Figs. 2(a)
and 2(b)], and d ~ 180 nm [Figs. 2(c) and 2(d)] for linearly,

radially, and azimuthally polarized beam illuminations.
The diameters of the nanospheres were found by taking
correlated SEM images as shown in the inset of Figs. 2(a)
and 2(c). The details on how correlated optical and SEM
measurements are performed at the single nanoparticle
level are described in Sec. III in the SM. The electrody-
namic simulations were performed by GMT in the presence
of a glass-air interface, as described elsewhere [44,45]. The
simulation details are described in Sec. IV in the SM.

Single Si nanoparticle scattering spectra.—The exper-
imental and simulated scattering spectra (Fig. 2) show
several peaks within the measurement window (1=
420-750 nm) for linearly polarized beam illumination.
On the other hand, only some of the peaks are selectively
excited for radially and azimuthally polarized beam illu-
minations. Interestingly, the results also show that the
scattering minima are deepest for radially polarized beam
excitation at around 500 nm for d = 160 nm [Figs. 2(a) and
2(b)], and at around 520 nm for d = 180 nm [Figs. 2(c) and
2(d)] Si nanospheres (the regions of interest are shown
in the insets). The calculated peak positions and relative
scattering of the various illuminations agree quite well
with the experiments with the exception of relative inten-
sities of the electric and magnetic dipole modes. This is
because the experimental scattering spectra were measured
in the backward direction for a limited angular range
determined by the numerical aperture (NA) of the objective
lens, whereas the simulated scattering spectra were calcu-
lated over all scattering angles. See Sec. V of the SM for a
detailed discussion on the dependence of the calculated
scattering spectra on the simulation geometry.

Multipolar decomposition of the scattering spectra.—We
performed a multipolar decomposition of the scattered
fields [39,51,52] to understand the nature of the peaks
appearing in the Si nanosphere scattering spectra for
various beam illuminations. The results of the multipolar
decomposition of the scattered fields are shown in Fig. 3 for
d =160 nm Si nanoparticles for linearly, radially, and
azimuthally polarized beam illuminations. The results of
the multipolar decomposition of the scattered fields for d =
180 nm is shown in Fig. S8 in the SM. The results show
that (i) both the electric and magnetic multipoles (dipolar
and quadrupolar) are excited for linearly polarized beam
illumination; (ii) only the electric multipoles are excited
(dipolar and quadrupolar) for radially polarized beam
illumination; (iii) only the magnetic multipoles are excited
(dipolar and quadrupolar) for azimuthally polarized beam
illumination; and (iv) the toroidal dipoles are also excited
for linearly and radially polarized beam illuminations
(discussed in more detail below). Since the radially
polarized beam only excites the electric multipoles and
suppresses all the magnetic modes in the nanospheres, our
scheme is essentially analogous to illumination of nano-
disks with linearly polarized beams [9] which satisfy the
anapole excitation condition of Eq. (5). Is the anapole
excitation condition [Eq. (5)] satisfied in the Si nanosphere
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FIG. 2. Scattering spectra of single Si nanospheres under linear and vector beam illumination. The experimental (a),(c) and simulated
(b),(d) scattering spectra of single Si nanospheres with diameter 160 (a),(b) and 180 nm (c),(d), respectively, for linearly, radially, and
azimuthally polarized beam illuminations. The right insets of (a) and (c) show the SEM images of the exact same nanospheres whose
scattering spectra are shown. The white scale bars on the SEM images are 500 nm. The results show that the scattering minima are
deepest for radial beam excitation at around 500 nm (the regions of interest is shown in the insets) for d = 160 nm (a),(b), and at around

520 nm for d = 180 nm (c),(d). The simulated spectra were calcul

ated using generalized Mie theory over all the scattering angles,

whereas the experimental spectra were measured in the backward direction for the angular range determined by the numerical aperture

of the microscope objective.

for radially polarized beam illumination? We investigate
this possibility next.

Criterion for anapole excitation in spherical nanopar-
ticles.—In addition to the selective excitation of the electric

multipoles, the experimentally measured scattering spectra
are also accompanied by a deeper minimum with the
scattering intensity almost reaching zero for radially polar-
ized beam illumination (red curve) at A~ 500 nm for
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FIG. 3. Multipolar decomposition of the scattering spectra. The calculated scattering spectra of single Si nanospheres with diameter
d = 160 nm for linearly (a), radially (b), and azimuthally (c) polarized beam illuminations. The multipolar decomposition shows that
both electric and magnetic modes are excited for linearly polarized beam; whereas only electric (magnetic) modes are excited for radially
(azimuthally) polarized beam illumination. The toroidal dipoles are also excited for linearly and radially polarized beam illuminations.
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FIG. 4. The amplitude (a) and phase (b) of the Cartesian electric and toroidal dipoles under radially polarized beam illumination for
d = 160 nm. The results show that the amplitudes of the Cartesian electric and toroidal dipoles are equal and out of phase at 1 ~ 500 nm
for d = 160 nm resulting in excitation of the anapole. (c) shows the fraction of the localized vs radiated energy calculated for linear,
radial, and azimuthal beam illuminations for d = 160 nm. The stored energy is ~6 times greater for radial vs linear beam illumination.

d ~ 160 nm [Figs. 2(a) and 2(c)], and at 4 ~ 520 nm for
d ~ 180 nm [Figs. 2(b) and 2(d)] diameter nanospheres as
shown in Fig. 2. Moreover, the results of the multipolar
decomposition (Fig. 3) show that there is a finite contribution
from the toroidal dipole excitation (green dashed curves) due
to the excitation of the z component of the toroidal moment
[Fig. 1(b)].

To determine if the scattering minima arise from the
excitation of an anapole state in the Si nanospheres, we
calculated the amplitude and phase of the Cartesian electric
and toroidal dipoles for d = 160, and 180 nm for radially
polarized beam illumination. The results show that the
amplitudes of the Cartesian electric and toroidal dipoles are
indeed equal and out of phase, that is, Eq. (5) is satisfied
at A ~ 500 nm for d ~ 160 nm [as shown in Figs. 4(a) and
4(b)] and at A~ 520 nm for d ~ 180 nm [as shown in
Figs. S9(a) and S9(b) in the SM]. The concurrent appear-
ance of a scattering minimum along with equal but out of
phase amplitudes of the Cartesian electric and toroidal
dipoles at the same wavelength confirms the excitation of
the electrodynamic anapole state in the Si nanospheres for
radially polarized beam illumination. Our results agree
with calculated results previously reported by Urbach and
co-workers [33].

The total scattering intensity at the anapole condition is
found to be more than 10 times weaker for the radially
polarized beam illumination compared to linearly polarized
beam illumination [Figs. 2(a) and 2(c)] as found both in the
calculations and experiments. For details on estimation of
error and reduction in the scattering intensities for radially
vs linearly polarized beams, see Sec. VIII of the SM. We
have also calculated the fraction of the localized vs radiated
energy for linear, radial, and azimuthal beam illuminations
as shown in Fig. 4(c) for d = 160 nm. The results for d =
180 nm are shown in Fig. S9(c) in the SM. The results
show that the stored energy normalized to the scattered
power (Ugored/ Pscat X ¢/, in units of cycles of radiation)
for radial beam illumination is approximately 6 times
greater compared to linear beam illumination. Note that
the scattering spectra for the azimuthal beam illumination

also show a pronounced dip (Fig. 2) at approximately the
same wavelengths at which the anapole condition is
satisfied. However, the cause of this pronounced dip is
not due to an interference of two modes, rather due to the
selective excitation of an effectively nonexistent magnetic
dipole. Hence, for azimuthal beam illumination there is no
confinement of the electromagnetic energy within the
volume of the nanospheres.

In conclusion, the discovery of the electrodynamic ana-
pole state is a major step towards stronger confinement of
electromagnetic fields in subwavelength dielectric nano-
structures having much weaker or almost negligible losses.
However, the excitation of the anapole state requires fab-
rication of highly specialized structures, and has only been
previously demonstrated in a highly specialized structure
in the form of a Si nanodisk at optical frequencies. Here, we
report experimental demonstration of electrodynamic ana-
pole in Si nanospheres using radially polarized beam
illumination with the scattering intensity almost reaching
zero at the anapole condition. Hence, our approach provides a
simple, straightforward alternative path to excite anapole
states without relying on the design of specialized structures.
This opens up a new route to realizing predicted enhanced
nonlinear effects, nanolasers, ideal magnetic scattering, as
well as extremely high Q factors (~10°) associated with
anapole states. Note that for radially polarized beam illumi-
nation, the electric quadrupole mode still contributes very
weakly to the total scattering spectra [Fig. 2(d)], which could
be suppressed by illumination of the nanosphere with
a counterpropagating radially polarized beam leading to
excitation of an “ideal” anapole state, similar to the proposal
made by Urbach and co-workers [33]; we are currently
working on this possibility.
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