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Abstract

In the current work we investigate the change of the multipolar response in general, and toroidal dipole in particular by changing the media in which
the structures are embedded. In calculated system, we illuminate our structures in vacuum and different surrounding media. We implemented the
classical multipole decomposition with which we expand the obtained fields to multipoles for detailed analysis to elucidate how multipoles change
while changing the medium. Our calculations show that multipolar response is non-linearly dependent on change in index of the media. In addition
we observe, that the characteristics of the multipoles spectra is changed.

Introduction

The toroidal dipole, which is an independent term in the multipole ex-
pansion, has attracted much attention. Its response is weak in natural
materials and is usually concealed by electromagnetic effects. Toroidal
dipole moment appears when a specific set of currents, namely poloidal
currents, is excited. This is possible, in man-made artificial materials na-
med metamaterials. The poloidal currents flow along the meridians of an
imaginary torus, producing a closed loop of magnetic field. The resulting
multipole moment is called the toroidal dipole.

Objectives

Recently, the toroidal dipole has been studied in various systems,
through a very wide spectrum of electromagnetic radiation ranging from
microwave, terahertz down to optical frequencies. However, the syste-
matic study if multipoles characteristics and specifically the characteris-
tics of toroidal dipole moment of a specified structure in different media
has never been performed.

Results

The change in relative power of multipoles with refractive index of the
medium is shown on figures on the left. The abbreviations are: TED -
Total Electric Dipole, MD - Magnetic Dipole, EQ - Electric Quadrupole
and MQ - Magnetic Quadrupole. Contributions of Electric Dipole (ED)
and Toroidal Dipole (TD) to Total Electric Dipole are shown on figures on
the right.
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Calculated model

The model for calculation was chosen to be a Silicon cylinder in media
with refractive indices n = 1, 1.2, 1.4, 1.6, 1.8 and 2. The diameter of the
cylinder is d = 100 nm and the length L = 300 nm.

Multipole decomposition

The relative strength of the induced multipole moments contributing to
the far-field response of the toroidal metamaterial was evaluated based
on the general expression for the total power of multipole radiation deri-
ved in [1] to the 5th order of (1/c).
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For the purpose of our calculations we used the following representations
of the multipoles:

�
~P = 1

iω
∫
~jd3r - electric dipole moment,

�
~M = 1

2c
∫
(~r×~j)d3r - magnetic dipole moment,

�
~T = 1

10c
∫
[(~r ·~j)~r− 2r2~j]d3r - toroidal dipole moment,

� Qαβ = 1
iω
∫
[rαjβ + rβjα− 2

3(~r ·~j)]d3r - electric quadrupole moment,

� Mαβ = 1
3c
∫
[(~r×~j)α r2 + (~r×~j)β r2]d3r - magnetic quadrupole moment,

�

〈
~R2

~M

〉
= 1

2c
∫
(~r×~j)r2 d3r - mean-square radius of magnetic dipole

distribution.

The member ~P + ω
c
~T in eq. 1 represents Total Electric Dipole.
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