°e NMNIEXRFFHEEURI LY

+ Kyutacar

ite of Technology Academic Repository

The dual-frequency zero-backward scattering
realized in a hybrid metallo-dielectric

nanoantenna

0ad Xu Chaower, Cheng Kaiyang, L1 Quan, Shang
Xiaobing, Wu Chao, Wei Zeyong, Zhang
Xtaoming, L1 Hongqgiang

journal or AIP Advances

publication title

volume 9

number 7

page range 075121-1-075121-9

year 2019-07-29

URL http://hdl _handle._net/10228/00007740

doi: https://doi.org/10.1063/1.5099533




7
@
O
c
©
%
g
=
g

The dual-frequency zero-backward
scattering realized in a hybrid metallo-
dielectric nanoantenna

Cite as: AIP Advances 9, 075121 (2019); https://doi.org/10.1063/1.5099533
Submitted: 11 April 2019 . Accepted: 15 July 2019 . Published Online: 29 July 2019

Chaowei Xu, Kaiyang Cheng, Quan Li, Xiaobing Shang, Chao Wu '/, Zeyong Wei, Xiaoming Zhang, and

Honggqiang Li
Y
¢ N ()

open View Online Export Citation CrossMark

AN

ARTICLES YOU MAY BE INTERESTED IN

Dielectric nanoantennas to manipulate solid-state light emission
Journal of Applied Physics 126, 094104 (2019); https://doi.org/10.1063/1.5108641

Recent advances in high refractive index dielectric nanoantennas: Basics and applications
AIP Advances 9, 040701 (2019); https://doi.org/10.1063/1.5087402

Optically resonant magneto-electric cubic nanoantennas for ultra-directional light
scattering

Journal of Applied Physics 117, 083101 (2015); https://doi.org/10.1063/1.4907536

>z

Sign up for topic alerts

New articles delivered to your inbox

AIP Advances 9, 075121 (2019); https://doi.org/10.1063/1.5099533 9, 075121

© 2019 Author(s).


https://images.scitation.org/redirect.spark?MID=176720&plid=1167510&setID=378289&channelID=0&CID=390544&banID=519902572&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=7aaa55a2163a7405f47dd653615c362b4d422573&location=
https://doi.org/10.1063/1.5099533
https://doi.org/10.1063/1.5099533
https://aip.scitation.org/author/Xu%2C+Chaowei
https://aip.scitation.org/author/Cheng%2C+Kaiyang
https://aip.scitation.org/author/Li%2C+Quan
https://aip.scitation.org/author/Shang%2C+Xiaobing
https://aip.scitation.org/author/Wu%2C+Chao
http://orcid.org/0000-0002-9980-6885
https://aip.scitation.org/author/Wei%2C+Zeyong
https://aip.scitation.org/author/Zhang%2C+Xiaoming
https://aip.scitation.org/author/Li%2C+Hongqiang
https://doi.org/10.1063/1.5099533
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.5099533
http://crossmark.crossref.org/dialog/?doi=10.1063%2F1.5099533&domain=aip.scitation.org&date_stamp=2019-07-29
https://aip.scitation.org/doi/10.1063/1.5108641
https://doi.org/10.1063/1.5108641
https://aip.scitation.org/doi/10.1063/1.5087402
https://doi.org/10.1063/1.5087402
https://aip.scitation.org/doi/10.1063/1.4907536
https://aip.scitation.org/doi/10.1063/1.4907536
https://doi.org/10.1063/1.4907536

AIP Advances ARTICLE

scitation.org/journal/adv

The dual-frequency zero-backward scattering
realized in a hybrid metallo-dielectric

nanoantenna

Cite as: AIP Advances 9, 075121 (2019); doi: 10.1063/1.5099533

Submitted: 11 April 2019 + Accepted: 15 July 2019 -
Published Online: 29 July 2019

@ o @

iew Online Export Citatio CrossMark

Chaowei Xu,'” Kaiyang Cheng,'” Quan Li,'” Xiaobing Shang,” Chao Wu,'”

1.2,a)

and Honggiang Li

Zeyong Wei,'” Xiaoming Zhang,*”

AFFILIATIONS

TSchool of Physical Science and Engineering, Tongji University, Shanghai 200092, China
?Institute of Dongguan-Tongji University, Dongguan 523808, China
*College of Physics Science and Engineering Technology, Yichun University, Yichun, Jiangxi Province 336000, China

@ Corresponding author E-mail address: zhangxm@idtu.cn, hglee@tongji.edu.cn

ABSTRACT

In this paper, we propose a hybrid metallo-dielectric core-shell nanorod for the Kerker-type effect at two different frequencies. The effect
arises from the interference of the scattering waves of the nanorod, which are generated by the magnetic dipole moment (MD) of the high-
index hollow particle and the electric dipole moment (ED) induced in both metallic and dielectric particles. Interestingly, we find that such
kind of unidirectional radiation properties, (i.e., zero back scattering occurring at dual frequencies) can be sustained with a single nanorod,
which usually being equivalent to a local electric dipole source. The effect of substrate is also considered to investigate the typical experimental
realization for the dual-frequency unidirectionalities of the nanoantenna. Furthermore, the unidirectionality can be further improved by the
design of one-dimensional array of the hybrid nanoantenna. Our results could provide an additional degree of freedom for light scattering
manipulation, and widen the versatile applications in nanoantennas, optical sensor, light emitters, as well as photovoltaic devices.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5099533

I. INTRODUCTION

Light scattering, as a primary physics process in light-matter
interactions, have always been a focus of researchers for a long
time, and have widely been applied in optical communication, astro-
physics, chemistry, biophysics and material science, etc.'  In recent
years, with the development and prevalence of nanoscale fabrica-
tion, the size, shape and material of subwavelength-sized nanos-
tructures can be finely tuned with respective to the need of utility,
such that the control of light scattering in subwavelength scale have
been obtained more and more attention. A lot of nanophotonic
applications, such as nanoantennas, and nanoplasmonic sensor, etc.,
have been proposed.”” Dielectric response of subwavelength-sized
nanostructures, in presence of electric dipole (ED) moments and
magnetic dipole (MD) moments,”” can give rise to exotic effects,
such as superscatter,  invisibility cloak,'' and directionality, etc.'"”’

It is well known that unidirectional scattering has great appli-
cation potential in nanoantenna,'”'"” bio-sensing,'*'” light emis-
sion'” and photovoltaic device."” The ED and MD of an appro-
priately designed nanoantenna, under certain excitation, could be
overlapped with equal amplitudes at certain frequencies, as known
as first Kerker condition.”””' And the directionality with zero-
backscattered field can be achieved by suppressing backward scat-
tering relative to the direction of the incoming wave. By embed-
ding a gold nanoring in a homogenous host medium, ED and
electric quadrupole moments also cancel with each other.” Due to
the lack of natural magnetism at optical frequencies, the artificial
magnetic responses of metal antennas coupled with incident light
are explored. A gold U-shaped split-ring resonator can also sup-
port the electric dipole, quadrupole, and magnetic dipole moments
to realize a compact directional optical antenna.”” ** A metallic
trimer antenna can support a highly spectrally tunable magnetic
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dipole mode with its amplitude comparable to that of an elec-
tric dipole mode, which satisfy the Kerker conditions.”” How-
ever, the ohmic losses and saturation effects of metallic materials
limit the performance and application of metal structures in optical
waveband.

Recent studies indicate that strong magnetic resonance can
be excited in high dielectric materials without ohmic loss in the
near-infrared and visible regions.”” ** GaAs pillars are experimen-
tally demonstrated that zero backscattering can be realized at opti-
cal frequencies based on Kerker condition.”® A silicon stair-like
nanoantenna supported one electric dipole, two magnetic dipoles
and one electric quadrupole is tailored to realize a radiation angle
with a 20-degree range by tuning the geometric parameters of the
nanoantenna.’” Kerker condition can also be reached in high-index
dielectric nanoparticles with electric, magnetic, and toroidal dipole
moments.”® Although it is shown that the backward scattering sup-
pression can be achieved in a single high-index dielectric nanoparti-
cle, the operating spectral regime in a non-resonant region and the
scatterings in other directions is generally weak. To surmount the
difficulty, a hybrid nanoantenna, i.e., a combination of metallic and
dielectric nanoparticles, is introduced to realize a complementation
of the directionality and radiation efficiency. A hybrid antenna with
an electric dipole emitter longitudinally coupled to a silver dimer
and transversely coupled to a GaP sphere is researched to control
the direction of light scattering and characterize enhancement and
radiation efficiency.””"’ Hybrid metallo-dielectric core-shell spher-
ical particles that offer tunable magnetic and electric resonances
are widely investigated to establish Kerker scattering for backward
scattering (BS) suppression and forward scattering (FS) enhance-
ment."" "' The Kerker condition is also achieved by sub-wavelength
plasmonic dimers formed by two silver strips separated by a thin
dielectric spacer and embedded in a uniform dielectric medium."*°
The scattering of normally incident waves by core-shell nanowires,
which support both electric and magnetic resonances is demon-
strated that a pair of angles of vanishing scattering is obtained by
generalizing the Kerker proposal for backward scattering suppres-
sion.”” Most of the above researches realize Kerker condition in a
single frequency, which limits more flexible applications to a certain
extent.

In this paper, we show that hybrid metallo-dielectric core-shell
nanorod, consisting of a gold core rod and a hollow silicon shell rod,
can exhibit a dual-frequency Kerker condition for zero-backward
scattering. Unlike the spherical core-shell structures,"”*’ this core-
shell rod structure is more feasible in experiment fabrication on a
substrate. In this structure, the metal core only supports strong elec-
tric resonance, the dielectric shell guarantees the existence of strong
magnetic resonance and electric resonance, and the gap between
core and shell plays an essential role in adjusting the overlaps of
electric dipole and magnetic dipole resonances. The dual-frequency
first Kerker scattering can be reached by manipulating the over-
lap of ED and MD moments in the spectrum. The hybrid nanorod
model with an incident plane wave is simulated using finite ele-
ment method (FEM) by COMSOL Multiphysics.”” To comprehend
accurately the physical connotation and action mechanism, the mul-
tipole expansion of the scattering field from hybrid nanorod is ana-
lyzed. We further explored directivity diagram’s tendency when the
distances between a point source incidence with hybrid nanorod
change, which compared with the plane wave. The one-dimensional

ARTICLE scitation.org/journall/adv

(1D) arrays consist of hybrid nanorod (element number, N = 2, 4, 6)
are also constructed to improve the directivity. The research inves-
tigated in this paper may extend the multi-functional applications
of Kerker scattering and expand the scope of flexible construction
methods to nanoantennas.

Il. MULTIPOLE DECOMPOSITION

To analyze the electromagnetic properties of the hybrid
nanorod theoretically and to demonstrate the first Kerker condition
in the system, we employ multipole expansions when an incident
plane wave interacts with a nanorod. We consider a plane wave
with y polarized incident on a hybrid nanorod oriented transverse
to the propagation direction (+x), as shown in Fig. 1. An approach
to multipole decomposition of the optical theorem is the Taylor
expansion of the exponential factor in the incident electric field.
We can obtain multipole contributions of the field scattered from
the nanorod using the definitions of the corresponding multipole
moments,”” > which including the ED, MD, electric quadrupole
moment (EQ), magnetic quadrupole moment (MQ), and toroidal
dipole moment (TD).

The scattered far-field for homogeneous and substrate environ-
ments can be written as,S()’52

eikd (r—n-r)

4nrr

ikd e ikd m
+?[nx(nxQn)]+E(nxQ n)], (1)

1
By (r) ~ 0o [n x (pxn)-— V—d(n x m)

where w is the angular frequency, r is the spatial coordinate vector,
Uo = 47-107 H/m is the vacuum permeability, vq = c(sd)'l/z, c is the
speed of light in vacuum, &4 is the relative permittivity of dielectric
surrounding, r = |r| and n = r/r is the unit vector in the direction of
observation, p(m) is the electric (magnetic) dipole moment, Q° (Q™)
is the electric (magnetic) quadrupole tensor. The exact expressions
of multipole moments can be written as follows and the TD can be
seen as the higher order terms in the expansion of the electric dipole
moments.”

1 0, K wrja(k
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2

FIG. 1. Schematic illustration of the metallo-dielectric hybrid nanorod.
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r is distance vector from the origin to point (x, y, z) in the Carte-
sian coordinate system and the subscripts «, § = x, y, z represent
the components. The electric current density J,, is obtained by using
Jo (r) = -iweg (er-e4) Ew (1), where g = 8.845-10"12 F/m is the per-
mittivity of free space, & is the relative permittivity of particle, E,
() is electric field distribution. Multipole contributions show that
the resonance peaks correspond to the overlap of several different
multipole decomposition of the scattered field.

The time-averaged scattered powers of the multipoles can be
written as the following summation,

"= 15 fdsr{ra[r % Julg+ralrx T} )

1
6
87‘[8 363 | | 20 5 |Q | ZOC5 |Q | ©
And the scattering cross section Csc, can be defined,
1
Csca = E (7)

Here, w is the angular frequency, ¢ is the speed of light in a vacuum,
the higher order multipoles are not shown.

In order to investigate the conditions for zero-backward scat-
tering, we consider an illustrative example in which a y-polarized
plane wave propagates along the +x direction and interacts with a
nanorod in a homogeneous air environment, as shown in Fig. 1. The
symmetry of this nanorod leads to an induced polarization current
of the form J, = (0, Jy, 0)", which result in the only non-zero mul-
tipole components being py, m., Ty, Q;, = Q; s Q) s = Q). The
forward and backward scattered electric field along the x-direction
which only contains the x-component is written as

ikq (x+
EOFES _ 2 glkalxin) NG
scy =@ Ho byt

kd e
my + EQxy 2y IQyz:Ia (8)

- *Qxy

Esc, =wpo

ika (x+x0)
_ e Er
0,FF, 2 [Py _ \/_ Q;V;:I. (9)

2vqi

Therefore, to realize the zero-backward scattering (i.e., E(S)£7 =0),
the equation below can be established,

Ve (10

My,

by =

Eq. (10) is the well-known Kerker condition generalized to take into
account dipole moments.

scitation.org/journal/adv

I1l. RESULTS AND DISCUSSIONS

The schematic descriptions of the metallo-dielectric core-shell
hybrid nanorod structure are shown in Fig. 1. Here the core cylinder
(Au) is embedded in shell hollow cylinder (Si) with a air gap between
them, the sizes of hollow dielectric nanorod are defined by height H
=220 nm, external radius R = 120 nm and internal radius r, = 50 nm,
and the radius of core metallic nanorod is r; = 48 nm. The refractive
index of dielectric shell is n; = 3.5, and the dielectric functions of
gold are taken from Palik’s handbook.” To investigate the scattering
properties of the hybrid nanorod in air surrounding medium (#,ir
=1), we consider a plane wave impinged to the hybrid nanorod along
the x direction with a E, polarization.

We start by investigating the scattering properties of individ-
ual silicon hollow nanorod with height H = 220 nm, external radius
R = 120 nm, internal radius r, = 50 nm in a homogeneous air
environment, as shown in Fig. 2. Owing to a high-index mate-
rial and relatively low absorptlon losses in the visible and near-
infrared, Si has been used in most previous work on magnetic res-
onances.””*”***"~*’ Based on Eq. (2) to Eq. (8), the multipole con-
tributions are calculated respectively, which are distinguished by
different colors and symbols in Fig. 2(a). The sum of them (gray tri-
angle line) and the scattering cross-section (SCS, black solid line)
are also simulated by FEM for comparison. The results in Fig. 2(a)
show the normalized multipole contributions to SCS for the sil-
icon hollow nanorod from 250 THz to 450 THz. The contribu-
tions of different modes in Fig. 2(a) are calculated by the differ-
ent parts of Eq. (7). The sum of different contributions means
the result of Eq. (7) in this way. And the SCS result is calculated
by an integral of scattering power divided by incident power. All
of the results are normalized by dividing a definite value (107
s-A%/m) to more clearly show in figure. It is clear that the MD (red
circle line) and ED (blue square line) resonance play the domi-
nant roles of SCS, and the contributions of higher order multipole
moments (i.e., EQ, MQ) are negligible relatively. The slight devia-
tion between the sum of multipole contributions (gray triangle line)
and the whole SCS (black solid line) may be caused by the cou-
pling of mode and random error of FEM arithmetic. The forward
scattering and backward scattering are determined as an integral of
Poynting’s vector in the semi-space with x > 0 and x < 0. The FS
and BS strength are calculated respectively in the frequency range
from 250 THz to 450 THz. The directionality is described as for-

ward/backward scattering ratio, Grg = ZOlozc;m(‘E(s)CH;+ ‘Egg i |),
where forward (E(S)CH;*) and backward (Esc y ~) scattered electric field

along the x direction is defined in Eq. (8) and Eq. (9). Through
calculating the Grp spectra in Fig. 2(b), a sharp peak is observed
at frequency 284 THz. Further calculated the 3D directional dia-
gram in this frequency as shown as the inset of Fig. 2(b). It is
obviously shown that the BS suppression and FS enhancement is
realized.

To unambiguously clarify the contributions of different modes,
the radiated far-field of nanoantenna with an induced electric dipole
moment p, (ED), magnetic dipole moment m, (MD), which is
characterized in Eq. (9) can be simplified as

ika (x+x0)
— e Er
0,FF, 2 [Py— \/c_mz:l. 11

Esc, =w'pho
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tributions to the scattering cross-section for the silicon hol-
=1 low nanorod with H = 220 nm, R = 120 nm, r, = 50 nm (b)
Far-field forward to backward directionality (Grg) spectra

for the individual hollow silicon nanorod. Inset: the three-
dimensional (3D) directional diagram of the nanoantenna at
frequency 284 THz. The amplitude (c) and phase (d) of elec-
tric (py, blue solid line) and rescaled magnetic (m/c, red
dash line) dipole moments of the individual silicon hollow
nanorod.
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Backward scattering can be exterminated if the first Kerker
condition satisfied

m; = 0. (12)

Ve
Py

In this paper, we consider the air surrounding medium, the first

Kerker condition can be represented as
py =mz/c. (13)

It can be seen that the amplitude and phase of p, (blue solid
line) are exactly equal to (m,/c)’s at f=284 THz in Fig. 2(c) and
Fig. 2(d), where the Eq. (13) is satisfied. These results agree perfectly
with the overlap of ED and MD contributions in Fig. 2(a) and the
peak of Grp in Fig. 2(b). Hence, the first Kerker condition explains
the BS suppression and FS enhancement, as theoretically predicted.
From 250 THz to 284 THz, p, is approximately equal to m./c, which
could generate unidirectionality too. As a result, Ggs is greater than
zero from 250 THz to 284 THz, but less than the peak value where
Kerker condition is satisfied. It is also noticed that the p, and m,/c
have equal amplitude at the frequency of 366 THz, and the phase
difference is 1.93 rad which is close to m. So, the ED and MD have
equal amplitude, and are nearly in antiphase at 366 THz. This result
is close to satisfying Eggi* = 0, which results in the FS suppression
and BS enhancement, as known as second Kerker condition. The
valley in Fig. 2(b) means the FS suppression and BS enhancement
near 366 THz, which is in accordance with the analysis of results in
Fig. 2(c) and Fig. 2(d).

It is a truism that an isolated Au nanoantennas only supports
electric dipolar resonance modes while higher ordered multipole
ones remain dark.”””" When we combine the metal materials with
the dielectric materials on nanoantennas, a strongly electric dipo-
lar resonance is predicted to be introduced. As seen in the Fig. 3,
the frequency dependent normalized multipole contributions to the
SCS, Grp spectra, py and m./c for the hybrid core-shell (Au-Si)

nanorod is calculated. By comparing the MD contribution (red cir-
cle line) of the single hollow dielectric nanorod (see Fig. 2(a)) and
hybrid nanorod (see Fig. 3(a)), we can obviously observe that MD is
almost unchanged. However, the ED contribution (blue square line)
of the hybrid structure is larger than the one of the single hollow
nanorod, due to the near-field coupling between EDs of the metallic
and dielectric nanorods. For the hybrid nanoantenna, ED contri-
bution to SCS is enhanced and changed forcefully while MD con-
tribution remains unchanged, which lead to another overlap point
occurs at higher frequency. The contributions of higher order mul-
tipole moments (i.e., EQ, MQ) are significantly smaller than the
dipole moments, as shown in Fig. 3(a). It is reasonable to neglect
the higher order multipole moments, because they have negligible
effects on the SCS. There is an acceptable error between sums of
multipole moments contributions (gray diamond line) and whole
SCS (black solid line) simulated by FEM. There are two meaning-
ful overlap points of ED and MD contributions at frequencies of
326 THz and 374 THz in Fig. 3(a), which is slightly deviated from
Grs peaks at frequencies of 324 THz and 380 THz in Fig. 3(b). The
insets of Fig. 3(b) clearly show the 3D directional diagrams at 324
THz and 380 THz, which demonstrate the BS suppression and FS
enhancement are reached in far-field.

From the Fig. 3(c) and Fig. 3(d), it is obviously shown that the
amplitude and phase of p, (blue solid line) are perfectly equal to
amplitude and phase of m_/c (red dash line) at frequency 324 THz
respectively, and they are also close to overlapping at frequency 380
THz. In other words, the ED and MD have approximately equal
amplitude and are nearly in phase at these two frequencies. The
equivalences of p, and m, at 324 THz and 380 THz correspond
with the Grp spectra peaks, which illustrate the first Kerker condi-
tion is established to realize BS suppression and FS enhancement.
Contrast to the former pure dielectric hollow nanorod supported
electric and magnetic resonances, the introduce of metal nanorod
supported electric resonance dramatically improved the ED, which
result in the two overlap points with MD. Then the dual-frequency
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tric (py, blue solid line) and rescaled magnetic (m./c, red
dash line) dipole moments of the hybrid nanorod.
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first Kerker conditions are realized. When the amplitude and phase
slightly deviate from the Kerker condition, the radiation pattern can
still exhibit. As shown in Fig. 3(c) and Fig. 3(d), the ED and MD
have approximate amplitude and phase in a broad band from 250
THz to 400 THz. Therefore, Grp spectra results in Fig. 3(b) show
that the hybrid nanoantenna exhibit remarkable directionality in a
broad band of 150 THz. From the foregoing, the dual-frequency

90 90

——FEM

——FEM

first Kerker conditions provide an extra degree of freedom for light
scattering control through interfering electric and magnetic multi-
poles, and may widen the versatile applications in nanoantennas,
biosensing, light emission and photovoltaic devices.

To better verify the results of the far-field calculation and
demonstrate the mechanism of directional emission, the 2D direc-
tional diagrams in E-plane (xy plane) and H-plane (xz plane) is

—o—ED-MD model
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180

e FEM
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FIG. 4. Two-dimensional (2D) directional diagrams in E-
plane (xy plane) and H-plane (xz plane) calculated by the
FEM (blue solid curves) and the analytical ED-MD model
(red circle curves) at 324 THz and 380 THz resonances for
hybrid nanorod. (a) E-plane at 324 THz. (b) H-plane at 324
THz. (c) E-plane at 380 THz. (d) H-plane at 380 THz.
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respectively calculated by the FEM (blue solid curves) and the ana-
Iytical ED-MD model (red circle curves) at 324 THz and 380 THz
resonances for hybrid nanorod, as shown in Fig. 4. The results
of FEM are analyzed by full-wave electromagnetic calculations,
and the results of ED-MD interference model are calculated by
Eq. (1) taken into account the dominant multipole moments (ED
and MD). The induced p, and m, are calculated numerically as
py = (-2.3143.59)x10”" C:m, m./c = (-2.41+3.20i)x10°" C:m
for 324 THz, and p, = (1.33+1.23i)x10! Cm, m./c = (1.63
+1.231)x102! C-m for 380 THz, which are calculated by Eq. (2) and
Eq. (3) in Fig. 4. The results of FEM and ED-MD model are almost
coincident. The slight deviations may be attributed to negligible con-
tributions from the higher-order multipoles or the couplings of mul-
tipole modes, which are not accounted for in the D-M model. It is
demonstrated that the scattering cross section depend on ED and
MD, and the calculation results from FEM are credible compared
with theoretical analysis.

In order to explore the properties of hybrid nanoantenna under
electric dipole excitation, an electric dipole emitter is located on a
point with a distance d from nanoantenna along the x-direction, as
shown in Fig. 5(a). The results of Grp spectra with different distance
d (10, 20, 30, 40, 50 nm) are shown in Fig. 5(b). There are two peaks
of Grp spectra at 350 THz to 408 THz, which are analogous to the
FS/BS scattering spectra in Fig. 3(b) calculated with plane wave inci-
dence. The differences between them are the frequency shifts about
7%, as a result of the phase retardation effect.”*** It’s worth not-
ing that with the increasing of d, the peaks have the tendency of
the slight shift to low frequency. The reason of this tendency can
be interpreted as that the near-field coupling weakens with the dis-
tance d increasing.”’ The electromagnetic wave excited by electric
dipole can be treated as plane waves while the distance d is large
enough. The normalized 2D far-field scattering patterns of E-plane
corresponding to the frequency of 350 THz and 408 THz with dif-
ferent d are shown in Figs. 5(c) and 5(d). With the increase of d,
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the BS separations are strengthening while the FS enhancements
are weak relatively at both two frequencies. Note that the BS sup-
pressions are weaken with the decrease of distance d, owing to the
interference and coupling of original single emitter, induced elec-
tric dipole and induced magnetic dipole.”* Based on these results,
the scattering properties are demonstrated that the dual-frequency
Kerker condition can be realized both with electric dipole emit-
ter and with plane wave, and the results agree well with theoretical
analysis.

The practical application value is an evergreen discussion of
a theoretical model. For the guiding significance of experimental
preparation and practical application, an emitter-antenna system
is designed and simulated, as shown in Fig. 6. Considering exper-
imental fabrication and measurement, the emitter-antenna system
consists of electric dipole source with y-direction polarization and
hybrid nanoantenna which is placed on a glass substrate (g4 = 2.25).
The normalized 2D radiation patterns in xz plane at the peak fre-
quencies (324 THz and 380 THz) shown in Fig. 5(b) are simulated
and graphed in Figs. 6(b) and 6(c). The maximum scattering is
directed toward the composition of substrate direction and +x direc-
tion, due to most of the light is scattered into the higher index sub-
strate, the ideal scattering pattern in free space is disturbed.”” The
possible reason is analyzed, the dielectric constant of substrate (g4
= 2.25) is close to silica nanorod (n; = 3.5). Compared to air, the
impedance matching between substrate and dielectric nanorod is
easier to achieve, which leads to the energy tend to enter substrate
more than air. Therefore, based on these results, the hybrid nanoan-
tenna could be fabricated and measured experimentally to realize
dual-frequency first Kerker condition.

Up to now, we have demonstrated azimuthally symmetric uni-
directional scattering using a single core-shell nanorod. To further
enhance the directionality, we employ a 1D chain of such hybrid
nanorods with a chain axis parallel to the polarized direction of the
incident plane wave, where the interrod distance is D = 180 nm

(a) (b) %
4 d _ of
Electric dipole i'

source

FIG. 5. Electric dipole source excitation. (a) Schematic of

250

90 90
0 ——d=10 nm .0
(c) ——d=20 nm (d)
—d=30 nm
——d=40 nm
150 ) ——d=50 nm 150
180 0 180
210 330 210
E-Plane E-Plane
=350 THz =408 THz
270 270

the hybrid nanoantenna excited by an y-polarized electric
dipole emitter. (b) Far-field forward-to-backward directional-
ity Geg versus frequency with different d. (c) 2D directional

o0 diagrams corresponding to the frequency of 350 THz with
*::jg o different d. (d) 2D directional diagrams corresponding to the
——d=50 nm frequency of 408 THz with different d.
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FIG. 6. (a) The schematic of emitter-antenna system placed
on a glass substrate (g4 = 2.25). (b) and (c) Normalized 2D
radiation patterns in xz plane at the resonance frequencies,
324 THz and 380 THz, respectively. The substrate fills the
half-space from 180° to 360°.

(a)
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FIG. 7. (a) The schematic of 1D arrays of dielectric
% - nanorods with spacing D along the y direction. (b) and (c)
b 0 Normalized 2D far field directional diagrams in the E-plane
(b) (c) by 1D arrays of hybrid nanorods with N = 1, 2, 4, and 6
= nanorods at 324 THz and 380 THz resonance, respectively.
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(see Fig. 7(a)). The designed 1D array structures of the hybrid
nanorods are expected to optimize the scattering properties of
nanoantenna. Figure. 7(b) and 7(c) has shown the normalized 2D
far-field directional diagrams of E-plane with different N (N =1, 2,
4, and 6) at 324 THz and 380 THz which corresponding to the peak
frequencies of FB to BW spectra for the single rod. It is clear from
Figs. 7(b) and 7(c) that, by increasing the number of rods, the main

lobe beamwidth will decrease, indicating a better directionality and
this due to the constructive far-field interferences.”""”

IV. CONCLUSION

In summary, the dual-frequency zero-backward scattering is
reached in a hybrid metallo-dielectric core-shell nanorod with the
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first Kerker condition gained. To reveal the action mechanism and
intrinsic rules, the frequency dependent normalized multipole con-
tributions to the SCS for the hollow dielectric (Si) nanorod and
hybrid core-shell (Au-Si) nanorod are both calculated. In contrast
to the dielectric nanorod, the ED moments of hybrid nanorod are
enhanced and adjusted to overlap with MD contributions, which
generate the first Kerker conditions at 324 THz and 380 THz.
An analytical dipole model is established, which yields comparable
results to those from the full wave simulation. Furthermore, an elec-
tric dipole source with a distance d from nanoantenna is applied and
realized dual-frequency first Kerker condition in analogy with the
results of plane wave incidence. The dual-frequency zero-backward
scattering can be further optimized by 1D nanoantenna array,
it is demonstrated that the direction angles are decreased with
the unit number increasing. The proposed dual-frequency zero-
backward scattering with highly unidirectionality and controllability
may lead to further extend and applied in sensing, nanoantenna and
nanophotonic.
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