
Journal of Physics: Conference Series

PAPER • OPEN ACCESS

Destructive interference between electric and
toroidal dipole moments in TiO2 cylinders and
frustums with coaxial voids
To cite this article: P D Terekhov et al 2017 J. Phys.: Conf. Ser. 929 012065

 

View the article online for updates and enhancements.

Related content
Toroidal dipole moment of the LSP in the
cMSSM
L G Cabral-Rosetti, M Mondragón and E A
Reyes Pérez

-

Toroidal Dipole Moment of the Lightest
Neutralino in the MSSM
L G Cabral-Rosetti, M Mondragón and E
Reyes Pérez

-

Two-source double-slit interference in
angle-resolved high-energy above-
threshold ionization spectra of diatoms
M Okunishi, R Itaya, K Shimada et al.

-

Recent citations
Multipole analysis of dielectric
metasurfaces composed of nonspherical
nanoparticles and lattice invisibility effect
Pavel D. Terekhov et al

-

This content was downloaded from IP address 194.95.159.70 on 21/03/2019 at 14:17

https://doi.org/10.1088/1742-6596/929/1/012065
http://iopscience.iop.org/article/10.1088/1742-6596/485/1/012019
http://iopscience.iop.org/article/10.1088/1742-6596/485/1/012019
http://iopscience.iop.org/article/10.1088/1742-6596/315/1/012007
http://iopscience.iop.org/article/10.1088/1742-6596/315/1/012007
http://iopscience.iop.org/article/10.1088/1742-6596/194/3/032048
http://iopscience.iop.org/article/10.1088/1742-6596/194/3/032048
http://iopscience.iop.org/article/10.1088/1742-6596/194/3/032048
http://dx.doi.org/10.1103/PhysRevB.99.045424
http://dx.doi.org/10.1103/PhysRevB.99.045424
http://dx.doi.org/10.1103/PhysRevB.99.045424
https://oasc-eu1.247realmedia.com/5c/iopscience.iop.org/293034112/Middle/IOPP/IOPs-Mid-JPCS-pdf/IOPs-Mid-JPCS-pdf.jpg/1?


1

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOI.

Published under licence by IOP Publishing Ltd

1234567890

International Conference PhysicA.SPb/2016 IOP Publishing

IOP Conf. Series: Journal of Physics: Conf. Series 929 (2017) 012065  doi :10.1088/1742-6596/929/1/012065

Destructive interference between electric and

toroidal dipole moments in TiO2 cylinders and

frustums with coaxial voids

P D Terekhov1, K V Baryshnikova1, A B Evlyukhin1,2 and A S
Shalin1

1 ITMO University, 49 Kronversky Ave., 197101, St. Petersburg, Russia
2 Laser Zentrum Hannover e.V., Hollerithallee, D-30419, Hannover, Germany

E-mail: terekhovpd@gmail.com

Abstract. We demonstrate numerically the possibility of multipole interference in the TiO2

(titanium dioxide) microcylinders and microfrustums in the wavelength range 210-300 µm.
Resonantly strong destructive interference between toroidal and electric dipole contributions
to the scattered field is achieved by a geometry tuning. The toroidal and electric dipole mode
overlapping at the resonant wavelength with almost total suppression of the total electric dipole
moment is achieved.

1. Introduction
Non-radiating current configurations attract attention of physicists and engineers as possible
systems for effective cloaking and camouflage [1]. In this work we consider dielectric cylinder
with coaxial through hollow under plane wave irradiation. We show that in this system toroidal
moment can be effectively induced. Toroidal dipole moment produces non-zero far-field radiation
with a similar pattern as an electric dipole moment [2]. Interference of electric and toroidal dipole
moments could be in destructive way with total suppression of far fields and reducing of the
overall scattering down to the zero. We have researched similar effects for TiO2 microcylinders in
the frequency range 2-3 THz (100-150 µm) in [3]. In this work we continue our study and extend
it to microfrustums with coaxial void. We obtain far-field scattering cross-section suppression in
the wavelength range 210-300 µm. This frequency range allows us to perform future experiments
to prove our researches.

2. Results
2.1. Main formulas
The schematics of the considered system is shown in Fig. 1 for the cylinder and in Fig. 2 for
the frustum. Ordinary, usual electric dipole moment is calculated [4] as

p =

∫
P(r′)dr′. (1)

where P(r′) is a polarization vector, r′ is the radius-vector of volume element. According to
[4, 5] we calculate multipole moments including toroidal dipole moment via induced polarizations

http://creativecommons.org/licenses/by/3.0
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Figure 1. Cylinder, irradiated by plane
wave, which propagates along the cylinder
axis. k is the wave vector, E is the electric
field, H is the maghetic field.

Figure 2. Frustum, irradiated by plane
wave, which propagates along the cylinder
axis. k is the wave vector, E is the electric
field, H is the maghetic field.

inside scatterer (COMSOL Multiphysics). For example, toroidal dipole moment is determined
as [4, 5]

T =
iω

10

∫
{2r′2P(r′)− (r′ ·P(r′))r′}dr′. (2)

The toroidal dipole moment is the third order multipole moment, and one can expect that
its contributions rises as the particle size increases with respect to considered wavelength. In
our case the particles are large enough in order to support the resonant exitation of the third
order multipoles. We calculate the contribution of electric dipole (ED) and toroidal dipole (TD)
moments to the scattered field in the far-field as [4, 5]

Esca(r) ∼ k20
4πε0

{n×P× n +
ik0εd
c

n×T× n}, (3)

where r is the radius-vector of an observation point; k0 is the free-space wave number; εd is
the relative dielectric permittivity of the surrounding medium (in our case εd = 1); ε0 is the
vacuum permittivity; c is the light speed in the vacuum; n is the unit vector directed along r.
Considering several multipole moments up to electric octupole the following expression for the
scattering cross-section σsca was obtained (see [4] for details):

σsca ' k40
6πε20|Einc|2

|p +
ik0εd
c

T|2 +
k40εd

6πε0|Einc|2
|m|2

+
k60εd

720πε20|Einc|2
∑
|Q′

αβ|2 +
k60ε

2
d

80πε0|Einc|2
∑
|M ′

αβ|2

+
k80ε

2
d

1890πε20|Einc|2
∑
|O′

αβγ |2 . (4)

where m is the magnetic dipole moment (MD) of particle; |p + ik0εd
c T| corresponds to the

interference of electric dipole and toroidal dipole moments, which 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)
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respectively, where ′ means that matrices of these tensors have been symmetrized and they are
traceless. Similar multipole approach up to the second order multipoles has been considered in
classical textbooks [6, 7]. The third order multipoles has been taken into account in [5]. This
procedure allows to obtain cross-contributions of different tensor moments to scattering equal
to zero. Total scattering cross-section was obtained through the integration of Pointing vector
over a closed surface in the far zone and the normalization on the incident field intensity [8].
Same multipole decomposition tehnique has been recently used to show so-called super-dipole
regime in optical frequency range in [9].
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Figure 3. Absolute magnitude of elec-
tric dipole moment (blue line) and ab-
solute magnitude of total electric dipole
moment (green line) of TiO2 cylinder,
D = 184.04 µm,H = 27.64 µm,
Dcore = 152.5 µm. The vertical black line
corresponds to the wavelength of the almost
total TED suppression.
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Figure 4. Scattering cross section multipole
decomposition spectra for TiO2 cylinder.
D = 184.04 µm,H = 27.64 µm,
Dcore = 152.5 µm. The dashed blue line
corresponds to the TED contribution to the
scattering cross-section, the dashed purple
line - to the MD contribution, the dashed
green line - to the EQ contribution, the
dashed red line - the the MQ contribution, the
dashed black line - to the OCT contribution
and the solid blue line - to the total scattering
cross-section.

2.2. Scattering on TiO2 microdisks with coaxial void
In [3] we have obtained suppression of total electric dipole contribution to the far-field scattering
cross section in the frequency range 2-3 THz (100-150 µm). In this work we scale this effect to
the wavelength range 210-300 µm. We consider optimized microcilynder parameters and obtain
two cases with same coaxial void diameter Dcore = 152.5 µm, same height H = 27.64 µm and
different particle diameter D = 184.04 µm for the small cylinder and D = 215.96 µm for the
big one. In Fig. 3 and 5 we present ordinary electric dipole moment and total electric dipole
moment spectra for small and big cylinders respectively. In both cases we obtain the almost total
suppression of total electric dipole moment due to destructive interference of electric and toroidal
dipole moments at the wavelengths λ = 230 µm for the small cylinder and λ = 264 µm for the big
one. Wavelengths, corresponding to the almost total suppression, are marked in Fig. 3 and 5 as
vertical black lines. In Fig. 4 and 6 we present multipole decomposition of scattering cross section
for small and big cylinder respectively. One can observe large magnetic quadrupole contribution.
In Fig. 4 one can note significant scattering suppression due to destructive interference of electric
and toroidal dipole contributions to the scattering cross-section at the wavelength λ = 250 µm.
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This wavelength is marked in Fig. 4 as vertical black line. Note that at the wavelengths, where
TED is equal to zero, the scattering is basically determined by MQ contribution.
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Figure 5. Absolute magnitude of elec-
tric dipole moment (blue line) and ab-
solute magnitude of total electric dipole
moment (green line) of TiO2 cylinder,
D = 215.96 µm,H = 27.64 µm,
Dcore = 152.5 µm. The vertical black line
corresponds to the wavelength of the total
TED suppression.
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Figure 6. Scattering cross section multipole
decomposition spectra for TiO2 cylinder.
D = 215.96 µm,H = 27.64 µm,
Dcore = 152.5 µm. The dashed blue line
corresponds to the TED contribution to the
scattering cross-section, the dashed purple
line - to the MD contribution, the dashed
green line - to the EQ contribution, the
dashed red line - the the MQ contribution, the
dashed black line - to the OCT contribution
and the solid blue line - to the total scattering
cross-section.
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Figure 7. Absolute magnitude of elec-
tric dipole moment (blue line) and ab-
solute magnitude of total electric dipole
moment (green line) of TiO2 frustum,
Dtop = 215.96 µm,Dbottom = 184.04 µm,
H = 27.64 µm,Dcore = 152.5 µm. The ver-
tical black line corresponds to the wavelength
of the strong TED attenuation.

2.3. Scattering on TiO2 microfrustum with coaxial void
Frustum microparticles are convenient to fabricate with available equipment as well as cylindrical
ones. In this work we consider frustums with coaxial void radius and height, corresponding
to the previous subsection. Top frustum radius corresponds to the smaller cylinder, and
the bottom radius corresponds to the bigger one. In Fig. 7 we present ordinary electric
dipole moment and total electric dipole moment spectra for the TiO2 microfrustum with
Dtop = 215.96 µm,Dbottom = 184.04 µm,H = 27.64 µm,Dcore = 152.5 µm. It is possible
to observe the minimum total electric dipole contribution to the scattering cross-section at the
wavelength λ = 248 µm (marked as the vertical black line in Fig. 7. This wavelength corresponds
to average value between wavelengths, corresponding to similar minimum contributions for
cylinders (λ = 230 µm for the small cylinder and λ = 264 µm for the big one). However,
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Figure 8. Scattering cross section multipole
decomposition spectra for TiO2 frustum.
Dtop = 215.96 µm,Dbottom = 184.04 µm,
H = 27.64 µm,Dcore = 152.5 µm.
The dashed blue line corresponds to the
TED contribution to the scattering cross-
section, the dashed purple line - to the MD
contribution, the dashed green line - to the
EQ contribution, the dashed red line - the
the MQ contribution, the dashed black line -
to the OCT contribution and the solid blue
line - to the total scattering cross-section.
The vertical black line corresponds to the
wavelength of strong scattering cross-section
attenuation.

for the frustum microparticle one can observe not total suppression of total electric dipole
moment, but its strong attenuation. Multipole decomposition of scattering cross section for
considered microfrustum is presented in Fig. 8. We obtain scattering cross-section minimum
at the wavelength region, corresponding to the region of total electric dipole attenuation (the
vertical black line in Fig. 8). The scattering is basically determined by MQ contribution.

3. Conclusions
In conclusion, TiO2 microcylinders and microfrustums possess multipole resonant response in
the wavelength range 210-300 µm. Toroidal moment has the same contribution to the far-
field scattering as electric dipole and interferes with it in destructive manner. Magnitude
and resonance frequency of toroidal and electric dipole moments of the cylinder or frustum
with coaxial void depends on its aspect ratio and void radius. Destructive interference of
electric and toroidal dipole modes can totally destroy total electric dipole contribution to
scattering. Total electric dipole moment suppression provided by microfrustum with coaxial
void located on the wavelength spectrum at the region, corresponding to the average value of
total electric dipole suppression effects, provided with microcylinders with coaxial voids with
diameters, corresponding to top and bottom frustum diameters. Strong scattering cross-section
attenuation for TiO2 microfrustum has been obtained. Considered effect of electric dipole
radiation suppression can be used in some important applications such as invisibility, optical
detection and others.
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