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Abstract: Direct interference between the induced magnetic and electric moments in a hybrid 
metal-dielectric nanodisk is demonstrated for the realization of unidirectional forward 
scattering in the near-infrared region. Specifically, the unidirectional forward scattering with 
high efficiency of the designed nanoantennas is not limited to one specific wavelength but can 
fit multiwavelengths. The scattering properties of the metal-dielectric hybrid nanodisk at a 
specific wavelength can be adjusted to meet the Kerker’s type condition. In addition, the 
simulated optical properties of the nanoantennas reveal that the nanodisk arranged in an array 
exhibits efficient absorption leading to enhanced directionality. Our results provide insights 
into the design and engineering of highly directive nanoantennas. 

© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 

1. Introduction 

Scattering of electromagnetic waves at the subwavelength scale is of paramount significance 
in multiple areas such as nanoantennas, nanophotonics, and nanoplasmonics sensing [1–4]. 
Especially in scattering applications, it has been demonstrated that the scattering response of 
nanoantennas can be promoted by exciting magnetic dipole (MD) and electric dipole (ED) 
resonances [5,6]. Spectral positions of the electric and magnetic resonant responses of 
nanoantennas can be tailored by varying the size, shape and materials to investigate intriguing 
scattering phenomena such as superscattering [7], cloaking [8], and enhanced directionality 
[9,10]. 

In recently years, much research has focused on unidirectional scattering that originates 
from coupling between different multi-mode resonances. It is generally accepted that 
unidirectional scattering can be positioned on the constructive or destructive interference in 
the forward or backward direction [11,12]. To achieve ultra-directional enhanced forward 
scattering, unusual radiation patterns of scattering were theoretically proposed by Kerker 
through spectral overlaps of the ED and MD modes [13,14]. Owing to the superior directional 
scattering capability, ultra-directional Kerker’s-type scattering of dielectric and metallic 
nanoantennas has been explored widely [15,16]. 

Recently, inspired by the emerging field of nanoantennas, there is growing interest in 
exploring artificial magnetic resonances of metallic nanostructures that can concentrate and 
manipulate light into nanometric volumes [17]. By virtue of the electromagnetic reciprocity, 
metallic nanoantennas mediate the interaction between nearby emitters and far-field radiation 
together with intrinsic electrical resonance in order to accomplish unidirectional forward 
scattering [18]. However, the high intrinsic ohmic loss is a parasitic disadvantage 
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compromising the performance in the visible and near-infrared regimes [19]. To overcome 
this hurdle, high-index dielectric nanoantennas with low dissipative losses are attractive 
alternative implementation in subwavelength optics [20]. In particular, metal-dielectric core-
shell nanoantennas support ED and MD resonances simultaneously inside the nanoparticles. 
The engineered far-field optically interference create highly directive radiation patterns with 
low loss and augment the degree of freedom [21]. Ge et al. and Alaee et al. investigated the 
unidirectional scattering of different nanostructures and found that the enhanced forward 
scattering of these nanoantennas can be achieved to one specific wavelength [5,11]. 
Moreover, it is of particular interest to achieve multiwavelength unidirectional responses. 

Herein, we describe a novel hybrid metal-dielectric nanoantenna which can support both 
the ED and MD modes. The ED and MD modes excited in the antenna can satisfy the 
Kerker’s type condition. More specifically, our results show that the unidirectional forward 
scattering can be achieved by adjusting the geometric parameters of the nanoantenna, which 
is not limited to one specific wavelength but can fit in the multiple wavelength band. 
Furthermore, directionality can be improved by a 1D chain and multiple unidirectional 
scattering can also be achieved when the core-shell nanodisk is excited by a near-field dipole 
source. 

2. Multipole composition method

We consider the scattering properties of the hybrid core-shell nanodisk using the multipole 
decomposition method when the resonant contributions from different multipoles are tuned to 
overlap spectrally [22]. 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 Q′ˆ  (EQ), and 

magnetic quadrupole moment M ′ˆ  (MQ) is considered as follows [23]. 
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where ( )′P r is the polarization induced in the scatter by an incident light wave and ′r  is the 

radius-vector of a volume element inside the scattering medium. Multipole contributions 
show that the resonance peaks correspond to the overlap of several different multipole 
decomposition of the scattered field. The radiation power I from these different multipole 
moments can be achieved as follows [24]: 
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where incI  is the radiation power of the incident light wave. 

3. Results and discussions 

The hybrid metal-dielectric nanodisk is schematically shown in Fig. 1. The radii of the silicon 
outer hollow nanodisk and gold inner nanodisk are R = 120 nm and r1 = 48 nm with a height 
of H = 220 nm. In the hybrid nanoantennas, the Si and Au nanodisk are placed closely 
together to form the hybrid nanodisk with a gap distance of r- r1 = 2 nm. In the simulation, a 
plane wave impinges onto the hybrid nanodisk along the x direction with yE  polarization. 

The hybrid nanodisk is embedded in a homogenous host medium with a gold core (dielectric 
functions extracted from Palik’s handbook [25]) and dielectric shell (the refractive index of n 
= 3.5). The scattering properties are investigated by the finite element method by COMSOL 
Multiphysics [26]. 

We first investigate the scattering properties of an individual silicon hollow nanodisk. 
Figure 2(a) shows the multipole contributions to the scattering cross-section of the hollow 
nanodisk with H = 220 nm, R = 120 nm, r = 50 nm. These resonances correspond to 
wavelengths of 698 nm and 937 nm, which can be considered as the overlap of the resonant 
contributions of several different multipoles. The method of scattering cross-section multipole 
decomposition is implemented to interpret the peaks of the hollow nanodisk [27]. It is clear 
that a sharp peak at 937 nm originates from the magnetic dipole (MD) whereas the broad one 
at 698 nm is ascribed to the electric dipole (ED) resonance. Moreover, the MD and ED are 
dominant over the whole spectrum and the contributions of toroidal dipole moment (TD), 
electric quadrupole moment (EQ), and magnetic quadrupole moment (MQ) are negligible in 
the system. Hence, we will only consider the individual silicon hollow nanodisk with the 
contributions of the MD and ED because of the scattering features. To elucidate the 
underlying scattering mechanism, the real and imaginary components of the electric and 
magnetic moments are depicted in Fig. 2(b). To unambiguously clarify the contributions from 
different modes, the radiated far-field of the nanoantennas with an induced electric dipole 
moment yp (ED), magnetic dipole moment zm (MD) are considered as follows [23]: 
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Fig. 1. Schematic illustration of the metal-dielectric hybrid nanodisk. 
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where r ,θ , and φ are the spherical coordinates. The backward scattering cross-section of the 

nanoantennas can be defined as [5] 
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Backward scattering can be exterminated if the Kerker condition is satisfied: 
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At the wavelength of 1034 nm, the real and imaginary components of the MD and ED are 
almost the same thus satisfying the Kerker’s-type condition. Thus, they constructively 
interfere in the far field, leading to the dramatic enhancement in unidirectional forward 
scattering and suppression of backward scattering. 
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Fig. 2. (a) Multipole contributions to the scattering cross-section and (b) Real and imaginary 
components of the electric and magnetic moments of individual silicon hollow nanodisk with 
H = 220 nm, R = 120 nm, r = 50 nm. 

Figure 3 shows the forward, backward scattering, and ratio between forward and 
backward scattering (FS/BS ratio) for the investigated nanoantennas. Forward scattering and 
backward scattering are determined as an integral of Poynting’s vector in the semi-space with 

0x > and 0x < . It is obvious that the scattering intensity for the FS and BS are quite 
different and the maximum ratio of the FS to BS intensity appears at 1034 nm, at which the 
scattering intensity of BS is the minimum. The peak ratio of the FS to BS intensity is 
approximately 7.5, indicating that forward scattering is substantially enhanced due to 
interference of the MD and ED. The inset in the 3D far-field scattering pattern at the 
wavelength of 1034 nm shows more significant attenuation of the BS corresponding to the 
Kerker’s-type scattering (see Fig. 2(b)). It is clear that the unidirectional FS can be realized in 
the individual hollow silicon nanodisk. 

 

Fig. 3. Forward and backward scattering and forward/backward ratio scattering spectra for the 
individual hollow silicon nanodisk with H = 220 nm, R = 120 nm, r = 50 nm. 

An accurate analysis of the multipole contributions to the scattering cross-section of the 
isolated Au nanodisk with r = 48 nm and H = 220 nm is performed as shown in Fig. 4(a). 
There is a relatively sharp resonance band at about 545 nm, correlating with different 
multipole resonances such as the electric dipole, magnetic dipole and toroidal dipole. Figure 
4(b) shows the forward and backward radar scattering cross-sections for the individual Au 
nanodisk. The cross-sections of the FS and BS are similar over the whole spectrum because of 

                                                                                 Vol. 8, No. 11 | 1 Nov 2018 | OPTICAL MATERIALS EXPRESS 3414 



the dominating dipolar response. Moreover, the FS and BS provide pronounced peak at the 
wavelength of 545 nm, which corresponds to the maximum total scattering cross section. 

 

Fig. 4. (a) Multipole contributions to the scattering cross-section and (b) Forward and 
backward scattering and forward/backward ratio scattering spectra of the individual Au 
nanodisk with H = 220 nm, r = 48 nm. 

When the Au nanodisk with the radius of r1 = 50 nm and H = 220 nm is introduced into 
the center of the aforementioned Si hollow nanodisk, the multipole contributions to the 
scattering cross-section of core-shell nanodisk are depicted in Fig. 5(a). Three resonances are 
visible at 750nmλ = , 909nmλ = and 1071nmλ = , which correspond to the overlap of the 
resonant contributions from the ED and MD. Negligible contributions from the higher order 
multipolar moments are also presented in the total scattering efficiency spectrum. Moreover, 
the magnetic dipole resonance and electric dipole resonance from the core-shell nanodisk 
coincide spectrally, resulting in a distinct asymmetric dip at 970 nm on the base of coherent 
interference [28]. The ratio between the FS and BS for the core-shell nandisk is shown in Fig. 
5(b). The resonant peaks of the forward scattering correspond to the maximum scattering 
cross section and it is caused by the interference of the electric and magnetic dipolar modes in 
this system. Strong suppression of backward scattering is realized in the resonant region for 
wavelengths between 770 nm and 960 nm due to destructive far-field interference. Figure 5(c) 
depicts the scattered field patterns in the xoy plane at the wavelengths corresponding to the 
maximum of the FS/BS. It is observed that backward scattering is stronger than forward 
scattering at 750nmλ = , and backward scattering is not completely suppressed at 

909nmλ = and 1071nmλ = . Therefore, scattering at the vanishing backward direction 
cannot be neglected and it does not meet the Kerker’s-type condition. 
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Fig. 5. (a) Multipole contributions to the scattering cross-section, (b) Forward and backward 
scattering and forward/backward ratio scattering spectra, and (c) Scattered field pattern of 
core-shell nanodisk. The core nanodisk is made of gold of H = 220 nm, r1 = 50 nm, r = 50 nm 
and the shell is the n = 3.5 dielectric with radius R = 120 nm. 

In order to meet the Kerker’s type condition, the directive hybrid core-shell nanoantennas 
with zero backscattering is designed. In this configuration, the Si and Au nanodisks are placed 
close to each other at a gap of r-r1 = 2 nm. To analyze the physical mechanism of 
unidirectional scattering, the scattering cross-section of multipole modes is given in Fig. 6(a). 
Two types of multipole moments in this system are efficiently excited. One mode with a 
resonance wavelength 891nmλ = shows a resonant peak of the ED and MD moment. The ED 
moment is identical to the magnetic dipole moment at the overlapping resonant point 

952nmλ = . It is clear that the Kerker’s type condition is met at the wavelength of 
952nmλ = , where the electric and magnetic dipole moments are identical in phase and 

amplitude. To verify the accuracy of the total scattering cross-section of the hollow nanodisk, 
we compare the simulation results of spectra of the scattering cross-section and the results 
calculated by multipole decomposition are plotted in Fig. 6(b). The calculated spectrum of the 
scattering cross-section (SCS, see the red solid line) is simulated with the finite element 
method by COMSOL Multiphysics. The total scattering cross-section (Total, see the black 
solid line) can be regard as the sum scattering of the ED, MD, MQ, EQ and TD. There is 
excellent agreement with the total SCSs of the ED, MD, MQ, EQ and TD, which is obtained 
by the FEM method. However, it is noted that there is discrepancy at the resonance 
wavelength of 891 nm due to the interference term between electric dipole and toroidal dipole 
in Eq. (10). The role of the interference term may contribute significantly to the scattering. 
This is an important feature which can help us understand the mode couplings in our metal-
dielectric system. The forward/backward ratio scattering spectrum is described in Fig. 6(c). 
There are two spectral peaks at 804nmλ =  and 924nmλ = , indicating more substantial 
suppression of backward scattering at the spectral wavelength. Therefore, the destructive and 
constructive inferences of the radiated fields are because the ED and MD moments of 
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scattering dramatically suppress and enhance the BS and FS. Coupling between the ED and 
MD for the enhanced scattering response on the core-shell nanodisk can be interpreted by 
analyzing the underlying mechanism of multipolar modes. According to Eq. (9), BS can be 

fully eliminated when the Kerker condition is fulfilled: z
y

m
p

c
= . The wavelength 

dependence of the real and the imaginary components is depicted in Fig. 6(d). It can be seen 
that the real and imaginary components of the MD and ED are identical at the wavelength of 
952 nm, meaning that the Kerker’s type conditions can be fulfilled and unidirectional FS can 
be achieved. Besides, there is an approximate equivalent real and imaginary components of 
the MD and ED at the wavelength of 804 nm, which creates a point to approximately realize 
the Kerker’s type condition. Thus, unidirectional forward scattering is obtained for the 
multipolar modes corresponding to realization of the Kerker’s type conditions in the near-
infrared region. 

In addition, the optical properties of hybrid nanodisks placed close to each other at a gap 
of 2 nm can lead to enhanced scattering directivity in Fig. 6, compared with hybrid core-shell 
nanodisk without a gap in Fig. 5. This can be explained that the scattering in Fig. 5 at the 
vanishing backward direction cannot be neglected and the forward scattering is not 
dramatically enhanced at the wavelengths of the FS/BS to achieve the unidirectional forward 
scattering. From another point of view, the unidirectional forward scattering is realized when 
the gap size increases from 0 nm to 2 nm and the Au nanodisk is introduced into the center of 
the aforementioned Si hollow nanodisk, which attributes to the interaction between the Si 
hollow nanodisk and the isolated Au nanodisk. Therefore, it can be concluded that the gap 
between the Au core and the Si shell is crucial to the unidirectional scattering, and the gap 
size and material have remarkable impacts the scattering features of the designed 
nanoantenna. 

 

Fig. 6. (a) Multipole contributions to the scattering cross-section, (b) Comparison of the total 
total scattering cross-section with SCS, (c) Forward and backward scattering and 
forward/backward ratio scattering spectra, and (d) Real and imaginary components of the 
electric and magnetic moments of the core-shell nanodisk. The core nanodisk is made of gold 
of r1 = 48 nm and the shell is the n = 3.5 dielectric with H = 220 nm, R = 120 nm, r = 50 nm. 
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To obtain more information about the scattering properties of the core-shell nanodisk, the 
electric and magnetic field distribution profiles corresponding to multipole wavelengths of 
804 nm, 924 nm and 952 nm are calculated and shown in Fig. 7. The blue arrows show the 
circulating polarization density distributions. With regard to the electric field distributions in 
Fig. 7(a), the electric “hottest spots” with highly enhanced near-field in the gap are obtained 
at multipole wavelength, which reveal the nature of electric field interactions between the ED 
and MD modes of the core-shell nanodisk. The magnetic hot-spots with highly enhanced 
localized fields are shown in Fig. 7(b). A high magnetic field intensity can be observed inside 
the Si hollow nanodisk as a result of the strong electromagnetic coupling between Si hollow 
nanodisk and Au nanodisk. The FS/BSmax near-field scattering patterns are associated with the 
magnetic resonant suppression and the interference of the ED and MD moments. 

 

Fig. 7. Spatial profiles: (a) Elecctric field and (b) Magnetic field at the wavelengths of 
FS/BSmax 

To specifically analyze backscattering suppression, the scattered field patterns of the core-
shell nanodisk at multipole wavelengths are shown in Fig. 8. Scattering is substantially 
suppressed in the backward direction and dramatically enhanced in the forward direction. In 
addition, vanishing backscattering in this spectral region is achieved by overlapping of the 
MD and ED to satisfy the Kerker’s type condition at the wavelength of 952nmλ = . On the 
other hand, the radiated far fields are in phase with forward scattering and no backscattering 
is obtained due to the destructive interference between these multipolar resonant moments 
[29]. Hence, we note that multiple unidirectional forward scattering in the near-infrared 
region can be modulated by overlapping the resonant contributions of several different 
multipolar moments, when the Si and Au nanodisks are placed close to each other at a gap of 
r-r1 = 2 nm. 
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Fig. 8. Scattered field pattern of the core-shell nanodisk with H = 220 nm, R = 120 nm, r = 50 
nm, rr = 48 nm calculated at the wavelength 804 nm and 924 nm. The angle of 90° (270°) 
corresponds to the forward (backward) direction. 

To compare the enhanced directionality in the scattering response of various 
nanoantennas, the forward/backward ratio scattering spectra for the Si hollow nanodisk, Au 
nanodisk, and core-shell nanodisk are investigated and the results are shown in Fig. 9. The 
spectra of the scattering intensity for the FS/BS are quite different. The maximum ratio of the 
FS to BS intensity appears at wavelengths of 804 nm and 924 nm for the core-shell nanodisk, 
while the scattering intensities of the Si hollow nanodisk and the Au nanodisk maintain a 
minimum value. Furthermore, the ratio of the FS to BS intensity is approximately 8.3 for the 
core-shell nanodisk and it is larger than the ratio of the Si hollow nanodisk and Au nanodisk. 
In this case, the core-shell nanodisk can provide favorable directionality to realize the 
controllability of the scattering characteristics. 

600 800 1000 1200 1400
0

2

4

6

8

Fo
rw

ar
d 

to
 B

ac
kw

ar
d 

R
at

io
 S

ca
tt

er
in

g

Wavelength (nm)

 Si hollow nanowire
 Au nanowire
 core-shell nanowire

Fig. 9. Forward/backward ratio scattering spectra of the Si hollow nanodisk, Au nanodisk, and 
core-shell nanodisk with H = 220 nm, R = 120 nm, r = 50 nm, r1 = 48 nm. 

Apart from the excitation of plane wave, it is desirable to investigate the unidirectional 
scattering in the core-shell nanodisk for a nearby electric dipole emitter. The far-field 
forward-to-backward directionality can be defined as 1010 log ( / )FB F BG S S= , where FS is the 

amplitude of the power radiated in forward scattering ( 90 ) and backscattering ( 270 ) 
[30,31]. Figure 10 presents the FBG  spectrum as a function of the electric dipole placed at the 

center to the bottom of nanoantennas along the y axis with a distance d and wavelength λ . 

As shown in Fig. 10, FBG for the core-shell nanodisk can reach about 7.8 dB and remain the 

same as d  changes from 0 nm to 40 nm. The emission pattern of the hybrid nanoantennas 
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changes slightly when the displacement of the electric dipole is in the range of several ten 
nanometers. The peak positions of FBG  slightly blue-shifts due to the difference between near 

and far-field illumination [32]. Moreover, the FBG spectra in Fig. 10 show that it is nearly 

zero at the wavelength of 795 nm due to sole ED excitation when the electric dipole emitter is 
located at the center of the hybrid core-shell nanodisk [33]. 
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Fig. 10. Far-field forward-to-backward directionality 
max

/FS BS
G for electric dipole excitation. 

Figure 11 illustrates the unidirectionality of the core-shell nanodisk with a linear chain 
along the x axis. There are three wavelengths corresponding to the resonant wavelengths of a 
single hybrid core-shell nanodisk at 804nmλ = , 924nmλ = and 952nmλ = . A drastic 
change in the emission pattern is observed due to the ED and MD with scattering cross-
sections interference and hence, almost complete cancellation of backscattering is obtained. 
The increase in directionality for an increasing number of nanoantennas N is clearly visible 
due to constructive far-field interference [34]. As a result, the unidirectional scattering 
properties can be observed from the hybrid metal-dielectric nanodisk with a linear chain. 
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Fig. 11. Scattering pattern by an array of nanoantennas with N = 1, 2, 4, 6. 

4. Conclusion

A highly unidirectional hybrid core-shell nanodisk is designed and investigated by the 
multipole composition method. The simulated scattering line shape is obtained by calculating 
the probability to simultaneously excite the electromagnetic ED and MD moments in the 
forward and backward directions and the multiple unidirectional forward scattering can be 
realized. Our study summarizes the Kerker’s type condition for vanishing backward 
scattering, which arises from constructive and destructive interference of different multipolar 
moments. An array of nanodisks with enhanced directionality exhibits a predictive feature for 
close-by magnetic dipoles. The electromagnetic resonance with highly unidirectionality and 
controllability spurs applications in sensing, nanoantennas and nanophotonics. 
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