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Abstract

Nonradiating optical anapoles are special configurations of charge-current distributions that do not
radiate. It has been predicted that, for microspheres, electric and magnetic dipolar coefficients can
simultaneously vanish by engineering the incident light, leading to the excitation of nonradiating Aybrid
optical anapoles. We report the experimental detection of hybrid optical anapoles in dielectric microspheres
(TiO») using dual detection optical spectroscopy, developed to enable sequential measurement of forward
and backward scattering under tightly-focused Gaussian beam (TFGB) illumination. Our results show that
the excitation of TiO, microspheres (diameter, d ~ 1 um) under TFGB illumination leads to the appearance
of scattering minima in both the forward and backward directions within specific wavelength ranges. These
scattering minima are found to be due to vanishing electric and magnetic dipolar coefficients associated
with hybrid optical anapoles. The ability to confine electromagnetic fields associated with hybrid optical

anapoles can give rise to several novel optical phenomena and applications.
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1. INTRODUCTION

Optical anapoles are special configurations of charge-current distributions that can confine
electromagnetic energy within the particle without radiating in the far-field,'? offering promising
36,8

applications in nanophotonics.>” It has been predicted that the ability to confine electromagnetic fields

10 can lead to several novel optical phenomena and applications that include enhanced nonlinear effects,'!”
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nanolasers,'® ideal magnetic scattering,'” broadband absorption,'® sensing,'” metamaterials and

0 26,27

metasurfaces,” extremely high Q-factors (~10°),>'** four-wave mixing,”> Raman scattering, and
photothermal nonlinearities.?®

For time-varying oscillating charge-current distributions, for subwavelength particles, the
electrodynamic anapoles are typically related to the superposition of the scattered fields of conventional
and toroidal dipoles, given by, P = —ikT.5* This means that if the contributions of the Cartesian electric
(P) and toroidal dipoles (7) to the scattered field are equal and out-of-phase, the far-field radiation vanishes.
In this regime, the optical anapoles are associated with the excitation of single dipolar modes — hence, so
far, they have only been observed in nanosized particles. In contrast, for larger particles, these effects are
inaccessible due to the contributions from higher-order multipolar modes under plane wave illumination,
and the description in terms of P and T fails, as the long-wave approximation is no longer valid.

For mesoscopic dielectric spheres, the resonance behavior becomes more complex due to the possibility
of multiple radial modes associated within the particle. For example, according to Mie theory, the electric
dipole resonance (governed by the Mie coefficient a;) is determined by the zeros of spherical Bessel
functions and their derivatives, which define the allowed standing wave patterns inside the sphere. As the
size parameter increases, higher-order radial electric dipolar modes, associated with successive zeros of the
spherical Bessel functions and characterized by additional internal field nodes, become accessible. These
modes can also satisfy the anapole condition, in which interference between internal field components leads
to suppression of the far-field dipole radiation.**-3

Recently, it was predicted®®*! that it is possible to unravel dipolar regimes in a homogenous lossless
dielectric microsphere in the short wavelength approximation, where the particle diameter, d, is greater than
the wavelength of the incident light, A under illumination with a pure dipolar field (PDF). More specifically,
it was demonstrated that for large particles illumination of PDF can excite only electric and magnetic dipolar
modes.>**! This phenomenon stems from the fact that, for particles placed at the focus, the multipolar modes
that are not present in the incident beam cannot excite the corresponding modes of the particle, as has been

29,33,34 and

previously demonstrated by tailoring multipolar Mie scattering using Cylindrical Vector Beams
changing the helicity and angular momentum of the incident beam.** Nonetheless, the calculation of the
asymmetry parameter (g-parameter),’®” defined as the ratio of the cosine-weighted scattering cross-section

over the total scattering cross-section, shows that, in the dipolar regime, successive first Kerker conditions*®



3031 1t was further demonstrated that

exist for several refractive indices and a wide range of size parameters.
the simultaneous suppression of electric and magnetic dipolar modes results in zero total scattering
efficiency under illumination with a PDF across various refractive indices and a broad range of size
parameters in the limit of large particles.’® This phenomenon is associated with the excitation of non-
radiating hybrid optical anapoles.’>*° However, since illumination of particles using a PDF has not been
experimentally implemented yet, alternatively, it is possible to engineer the multipolar content of the
tightly-focused Gaussian beams (TFGBs)*!** to replicate the abovementioned scattering properties under
PDF illumination.*® Following these predictions, the dipolar regime was unveiled, and the first Kerker
conditions were observed experimentally in mid-index dielectric microspheres, with diameters, d = 0.78
um and 0.88 um under TFGB illumination.*®

Here, we report, for the first time, the experimental detection of hybrid optical anapoles in dielectric
microspheres (TiO,) using TFGB illumination. In previous studies, detection of optical anapoles is typically
performed by measuring the scattered radiation in the backward direction, with the detection angles given
by the angular range corresponding to the numerical aperture (NA) of the objective lens.!>*2474 However,
detecting only the backward propagated radiation cannot uniquely distinguish the presence of an optical
anapole, as the excitation of dielectric microspheres with TFGBs can also lead to several scattering minima
associated with the first Kerker condition in the backward direction.’**!*¢ To detect the presence of an
anapole and confirm its non-radiating nature, scattering must be measured in additional directions, for
instance in the forward direction, to ensure that the radiation completely cancels out. Typically, scattering
in the forward direction is detected using dark-field scattering spectroscopy.®* However, in our case, the
excitation of hybrid optical anapoles in dielectric microspheres requires using a tightly-focused light beam
to excite dielectric microspheres. This poses a challenge, as the inability to employ a condenser for tightly
focusing the beam renders dark-field spectroscopy unsuitable for measuring scattering in the forward
direction. To address this experimental limitation and facilitate the detection of the anapole in dielectric
microspheres, we developed a dual-detection optical spectroscopy (DDOS) system. This system integrates
an upright microscope with an inverted microscope, enabling the sequential measurement of scattering
spectra in both forward and backward directions under TFGB illumination.

Our experimental and simulation results show that the excitation of TiO, microspheres (diameter, d ~
1 um) under TFGB illumination leads to the detection of nearly coincident scattering minima in the forward
and backward directions within specific wavelength ranges. The results of the multipolar decomposition
show that these nearly coincident scattering minima in the forward and backward directions are due to
vanishing electric and magnetic dipolar coefficients associated with hybrid optical anapoles, as predicted
theoretically. We also explore the role of the dispersion relationships and diameter of TiO, microspheres

on the positions and spacing of the scattering minima in both the forward and backward directions.



2. RESULTS AND DISCUSSIONS
2.1 Theoretical predictions

It was theoretically predicted that the excitation of dipolar regimes in a homogeneous mid-index (2 <n
<3.5) and high-index (n >3.5) dielectric sphere under PDF illumination can excite optical anapoles for large
particles® (i.e with x (= wd /A)-size parameter > 2 ). A PDF, by construction, is an electromagnetic field
with only dipolar content, therefore it can only excite dipolar modes in any kind of particles. For spherical
particles, the scattering is characterized by the electric and magnetic Mie coefficients (a; and bj). In
particular, the dipolar moments are related to a; and b, coefficients. These coefficients fully determine the
forward/backward asymmetry in the scattered field in the dipolar regime, through the asymmetry parameter

(2). In this respect, the ratio between the backward and forward scattering cross sections, g, /0y in the

dipolar regime is given by the g-parameter 3%
oy _ 1-2g
of  1+2g° 1

In this regime, the asymmetry parameter can be expressed in terms of the Mie coefficients as,*
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It is possible to obtain a deeper insight of the scattering phenomena by writing the dipolar Mie
coefficients in the phase notation: a; = i sin ;e ~'*1 and b; = i sin ;e ""f1.5! Here, a, and 8, are related
to the Riccati-Bessel functions, as described in reference.*® An intriguing phenomenon that emerges under
dipolar field illumination is the appearance of distinct electric or magnetic scattering regimes when sin f; =
0 (or sina; = 0), which give rise to g = 0, according to Eq. (2).3° Also, this leads to the scattering
efficiency approaching zero when both the electric and magnetic scattering amplitudes simultaneously
vanish. Interestingly, this condition can be found for several refractive indices across a wide range of x-size
parameters under dipolar excitation. We have calculated the scattering efficiency of a lossless dielectric
sphere as a function of refractive index (n) and size parameter (x) for a plane wave illumination as shown
in Fig. 1. The calculation results show the appearance of several scattering minima associated with g-
parameter singularities for a given multipole order satisfying, a; = b; =0, a, = b, = 0; az = b3 = 0,
etc. These g-parameter singularities are non-radiating spectral points, for a given multipolar mode, and are
referred to as hybrid optical anapoles.?>*4°

As shown in Fig. 1, these hybrid optical anapoles typically emerge within a size parameter range of
approximately x ~ 2.5 to x ~ 6. At larger size parameters, the excitation of multiple multipolar modes,
including quadrupoles, octupoles, and higher-order terms, leads to significant spectral overlap. This makes
the far-field cancellation signature of anapole states increasingly difficult to distinguish, complicating both
theoretical identification and experimental observation of higher-order anapole-like modes. Moreover,

material losses, dispersion, and geometry imperfections introduce additional complications that further



limit the experimental observation and isolation of anapole states with larger size parameters. Note that, in
theory, hybrid dipolar optical anapoles associated with the condition, a; = b; = 0 representing the
simultaneous suppression of electric and magnetic dipole radiation, can occur for arbitrarily large size
parameters, if higher-order multipolar modes (e.g., quadrupoles, octupoles) are entirely absent. In this
idealized scenario, observation of anapole states at large size parameters is constrained by the asymptotic
decay of the spherical Bessel functions, which render the particle effectively transparent to the incident
light. Nevertheless, based on these calculation results, it should be possible to excite dipolar hybrid optical
anapoles, indicated by the blue solid circles in Fig. 1, satisfying the condition a; = b; = 0 under PDF
illumination. Note that the theoretical singularities in g (hybrid anapoles) plotted in Fig. 1 do not yield zeros
in the scattering efficiency due to the contribution of multipolar modes under plane wave illumination, for

which structured light illumination is needed.
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Figure 1: Color map showing scattering efficiency of a lossless dielectric sphere as a function of refractive index and
size parameter for a plane wave illumination. The blue solid circles are associated with singularities in g parameter
associated a; = b; = 0, which is referred to as hybrid optical anapoles. The a, = b, =0, a; = b3 = 0, etc. are
associated with higher-order hybrid optical anapoles. HA1 and HA2 are the hybrid optical anapoles experimentally
detected here.

2.2 Dual detection optical spectroscopy

From the theoretical prediction of Fig. 1, it can be deduced that for a dielectric sphere of diameter, d =
1.07 pm with (i) x = 4.52, one can expect to observe a hybrid anapole at A = 743 nm for n = 2.43 (indicated
by HA1); (if) x = 6.12, one can expect to observe a hybrid anapole at A = 549 nm for n = 2.56 (indicated by
HAZ2). Previous reports have shown that TiO is a dispersive material with a refractive index change in the
range of 2.4 to 2.6 as a function of wavelength in the optical regime.’?® Therefore, the refractive index

range of TiO, microspheres falls within the theoretically predicted values and can be utilized to detect



hybrid anapoles, HA1 and HA2, in the optical frequencies. For this purpose, we used TiO, microspheres
that were synthesized using isopropyl titanate hydrolysis method.>’

As mentioned above, to achieve an unambiguous detection of the anapole, in addition to measuring the
scattering minima in the backward direction, it is essential to measure scattering minima along additional
directions. Fig. 2(a) shows the schematic diagram of the DDOS setup we developed by integrating an
upright microscope (Olympus [X2) on top of an inverted microscope (Olympus 1X73). In this setup, the
output of a white light continuum (Leukos SMHP 4.0) is coupled to an inverted optical microscope
equipped with a high NA objective lens. For creating a tightly-focused beam at the sample plane, we used
a 40x, NA = 0.95 objective (Olympus, UPLXAPO). The back-scattered spectra are acquired by a CCD
(Andor, Newton) connected to an imaging spectrometer (Shamrock 3031) coupled to the side port of the
microscope using a 4-frelay system. The forward scattered spectra are acquired by collecting the scattering
using another 40x, NA = 0.95 objective (Olympus, UPLXAPO) in the forward direction and directing the
light using a combination of mirrors, another 4-frelay system, and a flipper mirror into the path of the same
CCD and spectrometer. The inset of Fig. 2(a) shows an optical image of an experimentally generated
tightly-focused Gaussian beam.

The diluted solution of the microspheres is drop-casted on a patterned glass substrate placed at the focal
plane of both the objectives, having a common optical axis, so that the scattering in both forward and
backward directions can be collected by simply switching the position of the flipper mirror (FM). The
scattering spectra are measured at the single-particle level embedded in air, and the size and shape of the
microspheres are determined by a correlated SEM-Optical Microscopy approach.?**3® For more details on
correlated single-particle spectroscopy measurements, see section S1 in the Supplementary Information
(SI). Furthermore, to ensure accurate excitation of resonant modes under TFGB illumination, individual
microspheres were raster-scanned across the focal plane while recording the scattering spectra. This
procedure ensures that each microsphere is positioned at the focal point of the incident beam, minimizing
the effects of off-center or partial illumination and enabling reliable observation of dipolar and anapole-
associated features. To plot scattering spectra, each measured spectrum is normalized to a reference
spectrum, a process typically carried out while performing interferometric scattering spectroscopy.*’** For
the measurement of scattering in the backward direction, the reflected beam off the glass substrate without
particles is used as a reference. Similarly, for the measurement of scattering in the forward direction, the
transmitted signal without the particle is used as a reference. Note that, unlike the typical assumption for
nanoparticles, in which the contributions from the interference between the reference and scattering are
neglected,*”* for microspheres, the experimentally measured scattering spectra also contain contributions
from the interference between the reference and scattering signals. However, an agreement of the positions

of the scattering minima and the overall spectral shape in experimental and calculated scattering spectra



confirms the dominance of the scattering signal in the measurements. More details on the contributions
from the interference between the reference and scattering and normalization of the scattering spectra are
discussed in section S2 in the SI.

As mentioned above, it has been demonstrated that TFGBs can attain a scattering situation close to
dipolar field illumination®® and, thereby, can be used to select a few relevant Mie coefficients and control
the relative weight of the different multipolar modes (given by a; and b;) with the use of the multipolar

content of the incident field with beam shape coefficients (BSC) Cjp o.* The BSCs are the coefficients of

the multipolar modes of order /, with total angular momentum in the z-direction m. and helicity o. Fig. 2b
shows the calculated weights of the relevant €1, for a TFGB focused under our experimental conditions
(NA = 0.95). The inset shows an image of the propagating tightly-focused Gaussian incident beam in the
vertical direction. The value of the beam shape coefficient, C;;,, heavily decreases as the multipolar order
l increases. In fact, for NA = 0.95, the relative weight of the dipolar content of the incident beam is ~ 80%,
and the quadrupolar contribution and higher multipolar orders represent ~ 20% (which may vary depending
on the diameter of the beam) of the content of the incident beam.*® Therefore, the TFGBs are dominantly
dipolar in nature, and they can be used to excite hybrid optical anapoles in TiO, microspheres. Note that
the supercontinuum laser exhibits different laser spot sizes as a function of wavelength. We have taken this
into account while calculating the beam shape coefficients as described elsewhere.”® Within our

measurement window (480 — 800 nm), the wavelength dependent spot size was found to be negligible.
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Figure 2: (a) Schematic diagram of a dual detection optical spectroscopy (DDOS) setup developed by integrating an
upright microscope on top of an inverted microscope. The back-scattered spectra are acquired by a CCD connected
to an imaging spectrometer coupled to the side port of the microscope. The forward scattered spectra are acquired
by collecting the scattering using another objective in the forward direction and directing the light into the path of
the same CCD and spectrometer. The inset of Fig.2(a) shows an optical image of an experimentally generated tightly-
focused Gaussian beam. (L — Lens, BS — Beam Splitter, FM — Flipper Mirror). (b) Calculated weights of each €4
multipolar order, and the inset shows an image of a numerically calculated propagating tightly-focused Gaussian
incident beam with NA=0.95, propagating along the z-direction.



2.3 Forward and backward scattering spectra of the microspheres

The experimental forward and backward scattering spectra measured using DDOS spectroscopy are
shown in Figs. 3a and 3b for single TiO» microspheres with d = 1.07£0.03 um, and d = 1.02+0.02 um,
respectively. The diameters of the single microspheres were determined from the correlated SEM-Optical
microscopy with the insets showing the SEM image of the exact same microspheres whose scattering
spectra were measured. Since the microspheres are not perfectly spherical, the average diameters were
determined by measuring the diameters in different directions. The experimental results are complemented
by numerical simulations, as shown in Figs. 3¢ and 3d for TiO, microspheres with d = 1.07 um, and d =
1.02 pm, respectively. We have included color maps showing simulated forward and backward scattering
intensity of the TiO, microspheres as a function of diameter in section S3 of the SI. The calculations were
performed using the generalized Lorenz—Mie theory (GLMT).* The electric and magnetic Mie coefficients
were taken from Bohren and Huffmann® to solve the exact scattering problem of a tightly-focused Gaussian
beam impinging on a homogeneous dielectric sphere. Then, the resulting electromagnetic field intensity
was integrated for the angular range corresponding to the NA of the objective used in the experiment (NA
=0.95) to calculate the forward and backward scattering spectra.

Both the experimental and simulated scattering spectra show the appearance of several scattering
minima in the backward direction for TiO, microspheres with d ~ 1.07 um, and d ~ 1.02 um. These
scattering minima are associated with the first Kerker condition when a; = b, is satisfied, as it has been
theoretically predicted.’® On the other hand, in the forward direction, two distinct scattering minima appear
in both the experimental and simulated scattering spectra within the measured and calculated wavelength
range. These two scattering minima in the forward direction are found to nearly coincide with two scattering
minima in the backward direction, as indicated by the orange-highlighted region in both the experimental
and simulated spectra in Fig. 3. These coincidences of the scattering minima in the forward and backward
scattering spectra can be attributed to the excitation of hybrid optical anapoles, HA1 and HA2, as predicted
theoretically (Fig. 1). This is further supported by the multipolar decomposition of the scattering spectra
and the calculation of Mie coefficients, as we will later discuss in Section 2.5.

Even though the positions and spacings of the scattering minima and the general trends of the
experimentally measured and simulated spectra agree well, we would like to point out that the dispersion
of the TiO» microspheres plays a critical role in determining the overall shape of the scattering spectra. A
detailed discussion on the role of dispersion on the optical spectra is presented in S4 in the SI. Briefly, the
positions of the scattering minima, the spacings amongst them, the scattering intensity, and thereby, the
overall shape of the scattering spectra, heavily depend on the dispersion relationships of TiO, among
various morphological phases, such as anatase nanoparticles,’? and thin films.>**3¢ In our simulations, the

spectra calculated using a thin film dispersion relationship determined by Zhukovsky and co-workers*® best



agreed with the experimental results and are plotted as solid curves in Figs. 3¢ and 3d. To further validate
the comparison of the experimental and simulation results, we determined the variation of optical size or
the refractive index contrast by fitting the backscattered spectra of the microspheres in terms of a sinusoidal

' and calculated the forward and

function with regular oscillations dependent on its optical size,®
backscattered spectra as shown by the dashed dot curves in Figs. 3¢ and 3d. Nevertheless, calculated spectra
using both dispersion relations agree well with the experimentally measured spectra. The larger deviation
in forward scattering is primarily due to the stronger incident field in the forward direction, which enhances
the interference effects. The detected signal resulting from the superposition of incident, transmitted, and
scattered waves produces interference effects that are highly sensitive to optical alignment, substrate

reflections, and the numerical aperture of the collection optics.
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Figure 3: Experimental (a, b) and calculated (c, d) scattering spectra of single TiO, microsphere with d = 1.07 um (q,
¢),and d = 1.02 um (b, d) in the forward and backward directions under TFGB illumination. The insets of (a) and (b)
show the SEM image of the exact same microspheres whose scattering spectra were measured. Both the
experimental and simulated scattering spectra show the appearance of several scattering minima associated with
the first Kerker condition in the backward direction. In the forward direction, two distinct scattering minima appear
in both the experimental and calculated scattering spectra, which nearly coincide with two scattering minima in the
backward direction, as indicated by the light orange highlighted regions. These co-incidences in the forward and
backward scattering minima are due to the excitation of hybrid optical anapoles in the TiO, microspheres.



2.4 Total scattering spectra and internal field distributions

The calculated total scattering spectra, obtained by summing the forward and backward scattering
intensities for the TiO, microspheres with d = 1.07 um, and d = 1.02 um, are shown in Fig. 4a. For d =1.07
pum two scattering minima associated with the excitation of hybrid anapoles appear at 4,,,;, =® 523 nm and
721 nm, with the maximum total scattering intensity occurring at A,,,4, = 583 nm. The spatial total electric
field distributions of the TiO> microspheres with d = 1.07 pum, at two wavelengths: 1,,;, = 523 nm and
Amax = 583 nm, as shown in Figs. 4b and 4c, respectively, show subtle differences in spatial localization.
At 523 nm (Fig. 4b), the internal field exhibits a highly confined, symmetric distribution with pronounced
internal nodes, characteristic of a high-order standing wave and consistent with interference patterns
between the internal field components. In contrast, the field at 583 nm (Fig. 4c) is more diffuse, with weaker
spatial confinement. These standing wave features are governed by the spherical Bessel function of the first
kind and first order, j; (nkr) (where k is the wave number and r is the radial distance from the center of the
particle), which defines the radial profile of the dipolar mode. The radial order of a mode is defined by the
number of internal nodes (zero crossings of j; (nkr)). In our case, the internal radial field distribution
follows |E,(r)|oo|j; (nkr)|. For a TiO; sphere of diameter d = 1.07 um, the field exhibits four nodes at
Amin = 523 nm, as shown in Figs. 4b. Also, while the field magnitudes outside the particle are comparable
at both wavelengths, the spatial distribution of the external field at 583 nm is broader, suggesting a more
radiative character compared to the more localized near-field observed at 523 nm.

These results indicate that the hybrid anapole exhibits enhanced internal field confinement and a more
spatially localized external field. However, the near-field patterns and magnitudes at the scattering
maximum and minimum are similar, suggesting that any differences are subtle and not readily apparent
from field plots alone. Thus, further analysis, such as calculation of Mie coefficients, is necessary to

determine whether it corresponds to an anapole or other radiating state, as detailed in the following sections.
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Figure 4: (a) shows the calculated total scattering spectra for the TiO, microspheres with d = 1.07 um, and d = 1.02
pm. (b) and (c) show the spatial total electric field distributions of the TiO, microspheres with d = 1.07 um, at two
wavelengths: 1,,;, = 523 nm and 4,4, = 583 nm, respectively. At 523 nm (b), the internal field exhibits a highly
confined, symmetric distribution with pronounced internal nodes, characteristic of a high-order standing wave and
consistent with interference patterns between the internal field components.
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Note that, for the excitation of an ideal/ hybrid optical anapoles, one would expect the total scattering
intensity (Fig. 4a) to completely vanish, as well as the scattering minima in both the forward and backward
directions (Fig. 3) to completely coincide with each other and vanish. As discussed subsequently in sections,
the contributions from higher-order multipole and the inexact value of the refractive index of the TiO;

microsphere are responsible for this deviation from the theoretical prediction.

2.5 Multipolar decomposition of the scattering spectra and Mie coefficients

To verify that these coincidences in forward and backward scattering minima shown in Fig. 3 are indeed
due to the excitation of hybrid optical anapoles in the TiO, microspheres, we have performed multipolar
decomposition of the backward and forward scattering spectra, as well as calculated the magnitude of the
dipolar electric and magnetic Mie coefficients. Fig. 5 shows the multipolar decomposition of the forward
and backward scattering spectra of Fig. 3c, for TiO, microspheres with d = 1.07 um. The multipolar
decomposition of the scattering spectra of Fig. 3d, for TiO, microspheres with d = 1.02 um is shown in
section S5 in the SI. The results show that the scattering spectra in both the forward and backward directions
are dominated by the dipolar contributions (both electric and magnetic). However, there is significant
contribution from the quadrupolar response, especially in the backscattered spectra, and there is some
contribution from the octupolar response due to the multipolar content associated with the TFGB excitation
(Fig. 2b). These multipolar contributions shift the wavelengths as well as offset the intensity of the
scattering minima that appear due to dipolar excitation, which prevent the total scattering intensity (Qrr)

from completely vanishing at the first Kerker conditions and anapole excitation.
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Figure 5: Multipolar decomposition of the scattering spectra in the backward (a) and forward (b) directions for a
TiO, microsphere with d = 1.07 um under TFGB illumination. The scattering spectra in both the forward and
backward directions are dominated by the dipolar contributions (electric and magnetic), with non-negligible
contributions from higher-order modes.
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The magnitudes of the sum of the dipolar electric and magnetic Mie coefficients, |a; + b;|?, and their
difference, |a; — by |? are plotted in Fig. 6 for TiO, spheres with the dispersion relations used to calculate
the solid curve in Fig. 3c. In the forward direction (6 = 0°), the scattering intensity is proportional to
la; + by|?, whereas the backward direction (6 = 180°), the scattering intensity is proportional to
la; — by |?.° Therefore, |a; + by|?> = |a; — b1|?> = 0 can only be possible when a; = b; = 0, which, as
mentioned earlier, is the condition for hybrid optical anapoles. As shown in Fig. 6, |a; + b{|? =
la; — b;|?> = 0 appear within the highlighted regions, where the electric and magnetic dipolar coefficients
nearly coincide with each other. Hence, we can conclude that these coincidences in the forward and
backward scattering minima of Fig. 3 are due to the excitation of hybrid optical anapoles in the TiO-

microspheres. 0.6 :
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Figure 6: The Sum and difference of the dipolar electric (a,) and magnetic (b;) Mie coefficients. The scattering
minima associated with |a; + b;|?> = |a; — b;|?> = 0 can only be possible when a; = b; = 0, which is referred to
as hybrid optical anapoles.

2.6 Factors contributing to non-ideal excitation of optical anapoles

As mentioned earlier, for the excitation of an ideal hybrid anapole, one would expect the intensity of
the scattering minima in both the forward and backward directions to completely vanish and coincide with
each other. However, two major factors are responsible for this non-ideal excitation of the hybrid anapoles
— (7) Contributions from higher order modes, such as quadrupolar and octupolar, appear within the scattering
spectra, as shown in Fig. 5. These multipolar contributions shift the wavelengths as well as offset the
intensity of the scattering minima, which prevent the total scattering intensity from completely vanishing
at the anapole wavelength. (i) Small differences in the index of refraction due to, for example, dispersion.
The appearance of ideal optical anapoles is associated to specific refractive indices and size parameters, as
shown in Fig. 1. However, the TiO> microspheres studied here can possess a dispersion relationship with

the refractive index in the range of 2.4 to 2.6 as a function of wavelength in the optical regime.’?>¢ The
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position and spacing of the scattering minima heavily depend on the dispersion relations, as discussed in
section 2.3. The TiO, microspheres studied here do not exactly satisfy the exact relationship between the
refractive index and size parameter (as indicated in Fig. 1), slightly displacing the scattering minima in both
the forward and backward directions and preventing them from completely coinciding with each other.

To verify that these two factors are indeed responsible for the non-ideal excitation of the hybrid
anapoles, we have calculated the dipolar (no higher order contributions) forward and backward scattering
spectra for TiO; spheres with d = 1.07 um, and exact (non-dispersive) refractive index, n = 2.43 and 2.56,
as shown in Figs. 7a and 7b, respectively. The results show that the forward and backward scattering
intensities, and |a; + b;|? and |a; — b;|? completely vanish and coincide at A = 743 nm for n = 2.43, and
at A = 549 nm for n = 2.56, leading to the excitation of ideal hybrid optical anapoles, as predicted
theoretically and indicated by HA1 and HA2, respectively in Fig. 1. The magnitudes of the sum of the
dipolar electric and magnetic Mie coefficients, |a; + by |?, and their difference, |a; — by |? for TiO, spheres

with d = 1.07 um, and n = 2.43 and 2.56 are presented in section S6 in the SI.
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Figure 7: The dipolar forward and backward scattering spectra for non-dispersive TiO, spheres with d = 1.07 um, and
n=2.43 (a) and 2.56 (b), respectively.

The surrounding refractive index plays a critical role in determining the anapole resonance by
modifying the effective size parameter and shifting the argument of the spherical Bessel function. These
changes affect both the resonance condition and the spatial field distribution inside the particle. In practical
implementations, the presence of a substrate contributes to this surrounding refractive environment and can
further introduce symmetry-breaking and index contrast effects that perturb the modal structure and
scattering behavior of dielectric particles.®*® However, in our experimental configuration, the resonant
modes are predominantly confined within the particle (as shown in Figs. 4b and 4c), and interference
between incident, reflected, and transmitted waves makes it difficult to isolate substrate-specific
contributions. However, given the good agreement between theoretical and experimental forward and

backward scattering spectra (Fig. 3), the impact of substrate-induced effects is expected to be minimal.
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While the ideal anapole condition requires precise tuning of the microsphere size and index, our results
show that even in non-ideal scenarios, significant scattering suppression can be achieved. For example,
previous calculations showed*® that for TiO, microspheres, the internal energy density can be enhanced by
a factor of approximately 7.5 despite slight deviations from the optimal size and refractive index. For
practical applications, achieving uniform microsphere size and refractive index is essential to realize the
anapole resonance wavelength. Homogeneous dielectric microspheres can be fabricated using sol—gel
methods® or flame aerosol synthesis®’, with post-processing techniques such as centrifugation improving
size uniformity.%® Refractive index tuning can also be achieved through block copolymer self-assembly®

or electrical modulation techniques’, enabling scalable and application-ready implementations.

3. CONCLUSION

In conclusion, we have experimentally detected hybrid optical anapoles in dielectric microspheres
(TiO.) using dual detection optical spectroscopy under tightly focused Gaussian beam (TFGB) illumination
for the first time. The dual detection spectroscopy was performed by integrating an upright microscope on
top of an inverted microscope and measuring the scattering spectra of TiO; dielectric microspheres in both
the forward and backward directions. Several scattering minima associated with the first Kerker condition
appear in the backward scattering spectra. On the other hand, in the forward direction, two distinct scattering
minima appear in the scattering spectra, which nearly coincide with two scattering minima in the backward
direction. These co-incidences of the scattering minima in the forward and backward scattering spectra can
be attributed to the excitation of hybrid optical anapoles in the dielectric microspheres. However, factors
such as contributions from higher-order multipolar modes and the dispersive nature of the dielectric
materials heavily influence the positions, spacing, and intensity of the scattering minima, resulting in a non-
ideal excitation of the hybrid anapoles. The dielectric microspheres possessing a non-radiating anapole state
in the mid-index regime can be potentially used as building blocks to form metasurfaces with high-quality

factors and overcome non-efficient coupling and non-directionality of light.
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