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Abstract

The toroidal dipole (TD) and magnetic multipole with optical response from high-index dielectric nanostructures are
emerging optical nanostructures especially in the visible spectrum. However, interference of the involved multipoles
is generally overlooked in the ultraviolet (UV) region. In this work, a novel nanostructure which can achieve
excitations of TD, magnetic quadrupole (MQ) and magnetic dipole (MD) is demonstrated by simply changing the
direction of the electric dipole emitters (EDs) in the wavelength range between 230 and 430 nm. Near perfect TD and
magnetic excitations from the same structure are accomplished and our results also provide insights into the design
and application of light nanoantennas, spectroscopy, and ultrafast light emitting devices.

1. Introduction

Nanoantennas have drawn a great deal of attention due
to the ability to support highly efficient local surface
plasmon resonance and confined electromagnetic field
enhancement and have great potential in applications in
biology, chemistry and physics such as biochemical
sensors, light harvesting devices, and high-density optical
data storage [1-6]. Itis found that the toroidal dipole (TD)
and magnetic multipole can be supported in plasmonic
nanoantennas [7]. The TD is defined as the peculiar
primary current excitation corresponding to the current
circulating along the meridians (so-called poloidal currents)
of the ideal torus:
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TDs provide physically significant contributions to the
basic characteristics of matter including absorption,
dispersion and optical activity. TD excitation also exist in
free space as spatially and temporally localized
electromagnetic pulses propagating at the speed of light
and interacting with matter. Existence of the static TD has
been studied and its importance in many solid-state
systems has been discussed in ferromagnetic [8] and
ferroelectric nanomaterials [9] as well as microstructures
[10-12]. Owing to the weak coupling of toroidal multipole
with incident electromagnetic wave, TDs are often ignored
in the traditional multipole expansion. TD responses are
difficult to be detected because they are covered by
stronger electromagnetic effects[13]. However, TD
response has been demonstrated from metamaterials
composed of specially designed complex dielectric
electromagnetic scatterers and also plays an important role
in biological sensing [14,15], anapoles [16,17],
nanomaterials [18-21], toroidal laser spacers [22], anapole
nanolasers [23], photovoltaic devices [24], and other
optical devices. In recent years, there are many
metamaterial structures which can trigger TD responses,
such as the wire structure of the toroidal metamolecule [25],
multifold double-ring metamaterial [26], cavity-based
metamaterial [27] , asymmetric double-bar metamaterial
[28] and so on. It is particularly interesting to note that T.
C. Huang et. al proposed an all-dielectric pentamer
metamolecule consisting of nano-cylinders with two TD
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resonances, whose frequencies, EM distributions and Q
factor can be efficiently tuned due to the additional electric
dipole mode [29]. J. Li et. al proposed a metamaterial
structure comprising a periodic array of infinitely-long
straight LiTaO3 microtubes and analyzed its far-field
characteristic, transmittance, reflectance, and absorbance
spectra [30].

A variety of nanoantennas including the Au-Ag core-
shell, nanodisks, and nanoarrays have been proposed [31-
34] and the spectral response of nanoantennas can be tuned
and manipulated by optimizing the geometrical parameters
of the nanostructures. The optical properties of dielectric
nanoparticles such as nanospheres and nanodisks have
received much attention in recent years, as the strong
magnetic dipole (MD) response is most prominent in
dielectric nanoparticles caused by retardation effects
[35,36]. By engineering magnetic quadrupole (MQ)
resonance of nanoparticles, metamaterials provide a
versatile platform to study novel scattering phenomena
[37]. Owing to the strong magnetic responses, dielectric
nanoparticles have been used for directional antennas [38-
42], broadband absorbers [43], and enhanced spectra
[44].Therefore, much effort has been devoted to improving
the magnetic excitation so that unidirectional propagation
can be achieved in nanoantennas. So far, investigations on
the excitations of toroidal dipole and magnetic multipoles
resonances have predominantly focused on the visible and
near-infrared spectral range over the years, there are
increasing interests in the deep-ultraviolet (UV)
wavelengths[45-51]. A potential advantage of UV
plasmons is the high photon energy that can match the
electronic transition energy of many organic molecules and
solids. As described in this paper, a high-index all-
dielectric nanostructure with four finite-length concentric
cylinders is designed to achieve TD and magnetic
multipole excitations (include MD and MQ excitations) by
changing the direction of the same electric dipole emitters
(EDs). The structure has great potential and the results
described in this paper provide new information about the
design of optical devices such as light nanoantennas and
Sensors.

2. Multipole composition method

We consider the scattering properties of various field
modes of the high-index all-dielectric nanostructure using
the multipole decomposition method and the resonant
contributions from different multipoles are tuned to overlap
spectrally [52]. Upon irradiation with incident light, the
multipole moments of the scatterer are determined by
polarization, where P(r)=&(&-&)E(r) is the polarization
induced by the incident light wave in scattering , r is the
radiation vector of the volume element in the scattering
medium, & , & , and & represent the free-space dielectric
constant, relative dielectric permittivity of the scatterer,
and relative dielectric permittivity of the surrounding

medium, respectively, and E(r) is the total electric field
inside the scatterer. In order to clarify the contributions of
different modes, multipole decomposition including the
electric dipole moment P (ED), magnetic dipole moment M
(MD), toroidal dipole moment T (TD), electric quadrupole
moment Qe (EQ), and magnetic quadrupole moment Qm
(MQ) are considered as follows [53].

P= j P(r')dr’
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It is noted that the multipoles locate at the origin of
cartesian coordinate system according to the scatterer
center of mass. Under this condition, the regular ED
moment of the scatterer is given by Equation (1) where P(r)
is the polarization induced in the scatterer by an incident
light wave and r’is the radius vector of a volume element
inside the scattering medium.

Multipoles contributions indicate that the formants
correspond to the overlap of several different multipole
decomposition in the scattering field. The radiation power
I from these different multipole moments is given by [54]
and linc is the radiation power of the incident light wave.
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3. Result and Discussion
Figure 1 describes a high-index all-dielectric

nanostructure which consists of four finite-length
concentric cylinders with a gap distance of D=ri-r.. The
radius and height of the cylinder are R and h respectively,
and d is the distance of the adjacent concentric cylinders.

© 2020 Springer-Verlag GmbH Germany, part of Springer Nature.



(@)

OHO,

@®

Fig. 1. Diagram of the all-dielectric nanostructure composed of four
concentric cylinders with finite-length and high-index. The red
arrows indicate the direction of the electric dipole emitter moment.
R, h, and d are the radius, height, and gap between the cylinders. ri,
r2 are the radius of two concentric cylinders. (a) Stereogram of the
nanostructure, (b) TD excitation response, and (c) MD and MQ
excitation response.

X

As shown in Fig.1(a), the high-index all-dielectric
nanostructure with n=3.5 is surrounded by the medium
with &=1. The parameters are as follows: R=60 nm, r;=40
nm, r.=35 nm, and h=300 nm. First, the total electric field,
magnetic field, and scattering modes scattering modes
were calculated in this nanostructure by COMSOL
multiphysics software based on the finite element method
(FEM) under the excitation of the plane wave, as shown in
Fig. 2. Itis seen that TD keeps dominant in a much broader
range from 230 nm<to 430 nm, while the multipoles
contributions to the scattering power are particularly weak.
Therefore under the excitation of the plane wave, the TD
and magnetic dipole can not achieve the desired
enhancement effect.
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Fig. 2. Multipoles contributions to the scattering power under the
excitation of the plane wave with cylinder radius R=60 nm, r2=35 nm,
r1=40 nm, cylinder height h=300.nm, and d=20 nm.

Then, some electric dipole emitters with different
directions shown by rred arrows in Fig. 1(b) and 1(c) are
placed on the bottom of the structure along the z direction,
and the emission directions for the electric dipole emitters
can be changed through the control of the phase difference
between the induced magnetic and electric dipole modes of
the antenna [55]. Under the excitation of these EDs, various
excitation modes and radiation fields appear.

As the ED emitters are placed at the center of two
adjacent cylinders and the directions of the four dipole
emitters are shown in Fig. 1(b). The calculated TD (orange),
MQ (red), EQ (blue), MD (pink), ED (green), and Sum
Scat (Palm red) contributions to the scattering power are
shown in Fig. 3. It is obvious that the contribution of the
TD moment to the scattering power is dominated in the
multipolar decomposition for the wavelength range
between 230 nm and 430 nm. The contributions of the MD,
MQ, ED, and EQ moments are weak. The maximum of the
scattering power appears at a wavelength of 254 nm.
Because of the contribution of EQ, the pure TD excitation
does not appear at 254 nm, while the perfect TD excitation
is observed at 312 nm.

e TD
—_EQ
e MD
—ED
= Sum Scat

Multipoles Contributions
to the Scattering Power ( W)

Ell
230 250 270 290 310 330 350 370 390 410 430

Wavelength(nm)
Fig. 3. Multipoles contributions to the scattering power with cylinder
radius R=60 nm, r=35 nm, r1=40 nm, cylinder height h=300 nm, and
d=20 nm.

Figure 4 presents the near-field and far-field
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distributions of the excitation and displacement currents
density of the nanostructure at 254 nm. Figs. 4(a) and 4(c)
show that the electric field pattern of each cylinder splits
into four parts and two hot-spots can be observed from each
part. The magnetic field diagram clearly shows two hot-
spots in each cylinder as well as a distinct vortex which
coils all four cylinders of the nanostructure as shown in Fig.
4(b). In this case, the induced magnetic field is confined
into a well-defined annular region (marked by the red
cones). The far-field radiation pattern can be seen in Fig.
4(d). The spatial location of the magnetic field and
corresponding current mode are the key characteristics of
TD excitation. The TD corresponds to currents flowing on
the surface of a torus. The resonance excitation of the TD
mode is caused by coupling of the magnetic modes of the
four cylinders. The slight asymmetry of magnetic field or
electric field distribution and displacement current is due
to other multipolar excitations, most notably the electric
guadrupole. Accordingly, the asymmetry of the
displacement current (electric field) is caused by the
superposition of the toroidal dipole and electric quadrupole
and the appearance of the TD excitation is confirmed.

Far Field: Far-field norm (V/m}

(@) 1057 907 75

120

60°

240° 30
255° 370 285°

wavelength=254 nm

Fig. 4. (a) Electric field (absolute value|E|), (b) Magnetic field
(absolute value |H[), and (c) Amplitude of the current density j.
The red cones show instantaneous directions of the electric-field and
magnetic-field distributions and (d) far-field scattering cross-
sectional views on the x-y plane.

When the excitation moment directions of the four

dipole emitters are changed in the clockwise direction as

shown in Fig. 1(c), the calculated TD (orange), MQ (red),
EQ (blue), MD (pink), ED (green), and Sum Scat (Palm red)
contributions to the scattering power are displayed in Fig.
5. The contributions of MD and MQ play dominant roles
in the wavelength range between 230 nm and 430 nm. The
TD, EQ and ED multipoles contributions to the scattered
power are weak. The dominant peak wavelength is 280
nm and the perfect MQ excitation is observed at 375 nm.
Because of the contribution of MQ, the pure MD excitation
does not appear, while MD excitation occupies the main

position in the wavelength of 419 nm.
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Fig. 5. Multipoles contributions to the scattering power with cylinder
radius R=60 nm, r2=35 nm,r1=40 nm, cylinder height h=300 nm, and
d=20 nm.

Figure 6 exhibits the near-field and far-field
distributions of the excitation and currents density of the
nanostructure at 419nm. From Fig .6(a), it is found that the
electric field distribution is annular and the electric fields
inside the gaps are parallel to the connecting lines of the
cylinders (shown by the red cones). Fig. 6 (b) shows four
circular spot patterns in the magnetic field highly
concentrated in the center of the cylinder.
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Fig. 6. The absolute values of the (a) electric field and (b) magnetic
field at a wavelength of 419 nm. (c) The distribution of the current
density j within the dielectric rods corresponds to the magnetic dipole
response induced in the nanostructure. and (d) far-field scattering
cross-sectional views on the x-y plane.

wavelength=419 nm

Figure 7 exhibits the near-field distributions of the
excitation and currents density of the nanostructure at 375
nm. The electric field pattern of each cylinder splits into
two parts and one hot-spots can be observed from each part
in Figs. 7(a) and 7(c). Fig. 7(b) shows four circular spot
patterns in the magnetic field highly concentrated in the
outer corners of the cylinder. The distribution of the current
density j corresponds respectively to the MD and MQ
response induced in the nanostructure as shown in Fig. 6(c)
and Fig. 7(c). MD and MQ radiation pattern are also
confirmed in Fig. 6(d) and Fig. 7(d). These results clearly
demonstrate the appearance of MD and MQ excitation
responses.

FE : F Lﬁjj
o ax 0 o Max
Far Field: Far-field norm (V/m)
(d)

105° 90° 75¢
120°

135°

60"
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0 s Max

Fig. 7. The absolute values of the (d) electric field and (e) magnetic
field at a wavelength of 375 nm. (c) The distribution of the current
density j within the dielectric rods corresponds to the magnetic
quadrupole response induced in the nanostructure. (d) far-field
scattering cross-sectional views on the x-y plane.

The phenomena mentioned above are only applicable to the
determination of structural parameters. Actually, if the
parameters of the nanostructure are changed, we can always get
the excitation response of TD and magnetic excitation. The
excitation response of MQ and MD with various gap distances
(D) is presented in Figs. 8 (a) and 8 (b), respectively. With regard
to MQ excitation in Fig. 8 (@), the spectral response with D=10
nm (red), 5 nm (blue) and 2 nm (green) is shown and the total
summed scattering is indicated by short dashed lines for
comparison. The other geometric parameters of the nanostructure
are h=300 nm and d=20 nm. As shown in Fig. 8 (a), the excitation
response intensity of the MQ moment weakens gradually with
decreasing D and near-pure MQ excitation response is observed
at 237 nm and 360.-nm_for D=10 nm. The response of MD
excitation for D=10 nm (pink) , 5 nm (violet) and 2 nm (dark cyan)
is shown in Fig. 8 (b). The MD excitation response is observed
at 281 nm and 419 nm for D=5 nm and at 299 nm and 377 nm
for D=2 nm. Owing to the contribution of MQ excitation, the
perfect MD excitation does not appear at these wavelengths.

30 T T T T T T T T T
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Wavelength(nm)
Fig. 8. (@) MQ and (b) MD contributions to the scattering power as a
function of wavelength for different gaps between r1 and r2 while
keeping h=300 nm and d=20 nm.
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Figure 9 shows the TD contribution to the scattering
power for h=250 nm and 200 nm while the other geometric
parameters of the nanostructure are set as R=60 nm and
d=20 nm. The near-pure TD resonance excitation can
always be observed from the UV-light region for different
structural parameters. The TD and magnetic multipoles
excitations can be obtained in the UV region by designing
the nanostructure with the proper geometric parameters
and these phenomena are obtained by adjusting the
excitation direction of the electric dipole emitters.

10 ] T T T T T T T T T
- h=250
—— h=200
8 = = = Sum Scat(h=250

= Sum Scat(h=200)

6 m

TD Contributions

to the Scattering Power(x1018W)

0 -
230 250 270 290 310 330 350 370 390 410 430

Wavelength(nm)
Fig. 9. TD contribution to the scattering power as a function of
wavelength for different h while keeping D =5 nm and d =20 nm.

4, Conclusion
A novel nanostructure with different directions of

electric dipole emitters is designed and the scattering
properties of the various field modes are demonstrated by
the multipole composition method. TD, MQ and MD
excitations are observed in the UV region but other
multipoles modes are suppressed. Considering that the TD,
MQ and MD modes have strong correlation with the local
near-field distribution and far-field scattering modes, the
excitations of the TD and magnetic multipoles modes
information and ideas

provide new about light

nanoantennas and spectroscopy.
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