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Abstract— In this work we investigate in terms of Cartesian multipoles the Kerker-type eﬀect

in high-index dielectric nanoparticles for which the third order multipoles give a considerable
contribution to the light scattering process. We show that the Kerker-type eﬀect can be associated
with the resonant excitation of toroidal dipole moment (third order multipole) and, namely,
with the interference of the scattered waves generated by electric, magnetic and toroidal dipole
moments of high-index dielectric nanoparticles. From our theoretical results reveal, that the
interplay between these moments with dominating contribution of toroidal dipole moment can
provide strong suppression of the backward light scattering and, simultaneously, resonant forward
light scattering.

1. INTRODUCTION

Resonant optical responses in high-index nanostructures attract noticeable attention because of
their practical applications [1–3]. Recently such resonances were experimentally demonstrated for
silicon nanospheres [1, 4]. Dielectric nanoparticles with optical resonant responses are promising
building blocks for metasurfaces, which can provide eﬀective ways to manipulate the light [2, 5].
Spectral positions of multipole resonances of dielectric nanoparticles are determined by their size
and aspect ratio (height to base edge of parallelepiped) [6, 7]. This opportunity can be used for
the realization of the spectral overlap of electric and magnetic dipole resonances resulting in strong
suppression of the backward light scattering due to the Kerker eﬀect [8], when the electric and
magnetic dipole magnitudes and phases are equal to each other. Directional scattering is very
advantageous for nanophotonics and photovoltaics applications, for instance nanoantennas [9–11],
lensing [12], nonlinearities [13], emission [14] and metasurfaces [15]. The resonant Kerker-type
eﬀect was demonstrated for silicon nanoparticles with low aspect ratio (height to diameter) in [16].
Dielectric Huygens’ surfaces based on such nanoparticles were created and investigated [17]. We
have demonstrated resonant forward scattering of light with toroidal dipole contributions for silicon
nanocylinders with large aspect ratio in [18]. Here we expand this work to show in detail similar
eﬀect for silicon nanoparallelepipeds with large aspect ratio. In contradiction to recently researched
destructive interference between toroidal and electric dipole moment (“anapole”-mode) [19, 20], here
we consider so-called “super-dipole” interference regime.
2. SYSTEM AND METHODS

We consider plane wave scattering by silicon nanoparallelepipeds with diﬀerent aspect ratios (Fig. 1).
Base edges of the particles are ﬁxed and equal to 100 nm. Dielectric permittivity of silicon is taken
from [21].
Our theoretical approach is based on the multipole decomposition method presented in [22].
Concisely, regular electric dipole moment of a scatterer is calculated as

 
(1)
p = P r dr ,
where P(r ) is the polarization induced in the scatterer by incident light wave, r is the radius-vector
of a volume element inside the scatterer. The toroidal dipole moment, having the same radiation
pattern, is determined as:

  
iω  2     
T=
2r P r − r · P r r dr .
(2)
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Figure 1: Parallelepipedal particle, irradiated by a plane wave, which propagates along the particle’s axis.
k is the wave vector, E is the electric ﬁeld, H is the maghetic ﬁeld, Dp and H are the base edge and the
height of the parallelepiped respectively.

The expressions for the other multipole moments can be found in [22]. When considering multipole
moments up to the electric octupole moment, the scattering cross-section can be presented as:
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where k0 is the free-space wave number; ε0 is the vacuum permittivity; εd is the relative dielectric
permittivity of a surrounding medium (here we consider εd = 1); μ0 is the vacuum magnetic permeability; c is the light speed in the vacuum; Einc is the electric ﬁeld amplitude of the incident
light wave; m is the magnetic dipole moment (MD) of a particle; a term p + i k0cεd T including
the interference of electric dipole (ED) and toroidal dipole (TD) moments can be treated as total
electric dipole moment (TED); Q, M and O are the electric quadrupole moment tensor (EQ), the
magnetic quadrupole moment tensor (MQ) and the tensor of electric octupole moment (OCT) in
irreducible representations, respectively. Note that these tensors are symmetric and traceless [22].
Total scattering cross-section is obtained through the integration of the Poynting vector over a
closed surface in the far-ﬁeld zone and the normalization to the incident ﬁeld intensity [22]. Total
electric ﬁelds and corresponding induced polarization in scatterers are calculated numerically using COMSOL Multiphysics. Using the calculated polarization, the multipole moments and their
contributions into scattering cross-sections are obtained by a numerical integration.
Previously, Kerker-type eﬀect was considered without the investigation of TD moment contribution [16, 23]. Here we note that in nanoparallelepipeds with signﬁcant TD contribution Kerker-type
eﬀect can be modulated by the toroidal dipole far-ﬁeld radiation which is similar to the electric
dipole one. Multipole analysis based on the Eq. (3) clariﬁes that scattering resonance peak at the
wavelength of 587 nm corresponds to the overlap of the resonant contributions of several diﬀerent
multipoles (Fig. 2). This spectrum area combines the total electric dipole TED, the magnetic dipole
MD, and the magnetic quadrupole MQ resonant contributions. It is important to note that the basic
contributions into this resonant peak of the nanoparallelepiped with high aspect ratio (H = 300 nm,
Fig. 2) come from the total electric and magnetic dipole moments. This is achieved because the
TD contribution into the TED moment raises with the increasing of nanoparticle height. As it is
shown in [18], TED contribution to the scattering cross-section is negligible for the particles with
aspect ratio ≈ 1. Another fact to note is the much smaller resonant MQ contribution with respect
to the contribution of resonant TED and MD. This is substantial for the realization of a resonant
Kerker-type eﬀect in large-aspect-ratio nanoparticles due to the TED and MD resonances overlap.
For the illustration of the backscattering attenuation in Fig. 3 we show two diﬀerent radiation
patterns for the nanoparallelepiped with height H = 300 nm and base edge Dp = 100 nm. The
forward scattering corresponds to the angle 90 degrees in Fig. 3, and the backward scattering
corresponds to the angle 270 degrees in Fig. 3. In the Fig. 3(a) we present a radiation pattern for
the spectrum point corresponding to the scattering maximum wavelength (λ = 587 nm). Here one
can observe strong backscattering attenuation. As it is shown with black dashed line in Fig. 2,
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Figure 2: Multipole contributions to the scattering cross-section spectrum for parallelepipedal nanoparticle,
height H = 300 nm. Hereinafter the values are normalized to geometric cross-section of the parallelepiped.
Black dashed line corresponds to the wavelength of total backscattering suppression (see text below).

at the wavelength λ = 571 nm magnitudes of MD and TED contributions to the scattering crosssections are equal to each over. Together with phase equality [18] such parameters correspond to
the Kerker-type conditions realization. As it shown in Fig. 3(b), the backscattering suppression
here is very strong.

(a)

(b)

Figure 3: Scattered ﬁeld patterns for the silicon parallelepipedal nanoparticle with H = 300 nm, calculated
at the wavelength (a) 587 nm, (b) 571 nm. The diﬀerent colors correspond to the scattered ﬁeld patterns calculated in the mutually perpendicular planes. The angle of 90◦ (270◦ ) corresponds to the forward (backward)
direction.
3. CONCLUSION

In conclusion, in this work using the multipole decomposition method we have shown, that a
constructive interference between toroidal and electric dipole moments of the parallelepiped can be
realized in the optical frequency range. Total electric dipole moment with dominant contribution of
the toroidal dipole is resonantly excited in such nanoparallelepipeds with large aspect ratio and socalled super-dipole mode can exist. We found that, due to the interference between electromagnetic
ﬁelds generated by the total electric dipole and magnetic dipole moments of the nanoparallelepipeds
with relatively high aspect ratio, the backward scattering suppression eﬀect can be realized.
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