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Abstract: Control and manipulation of radiation direction and directivity is highly desirable in
future integrated optical circuits. Here, we investigate theoretically and numerically the scattering
properties of a silicon nanosphere dimer illuminated by a focused radially polarized beam.
As compared with single silicon nanospheres, a scattering peak with a significantly enhanced
intensity and a dramatically reduced linewidth was observed in the scattering spectrum of the
silicon nanosphere dimer. Relying on the multipole expansion method, it was revealed that
the radiation at the scattering peak originates mainly from the total electric dipole and the
magnetic quadrupole excited in the silicon nanosphere dimer. It was found that the radiation
direction of the silicon dimer is parallel to its axis, implying a sharp (90°) bending of the radially
polarized beam. In addition, the radiation directivity is significantly improved as compared with
single silicon nanospheres because of the interference between the total electric dipole and
magnetic quadrupole modes. For a homodimer composed of two identical silicon nanospheres,
the scattering light is equally distributed in the two radiation directions. In comparison, the
incident light is preferentially scattered to the small Si nanosphere for a heterodimer composed of
two silicon nanospheres with different diameters. As a result, a unidirectional lateral scattering
can be realized by using a single silicon nanosphere displaced appropriately from the focal point.
Our findings are helpful for understanding the mode hybridization in silicon nanosphere dimers
illuminated by a focused radially polarized beam and useful for designing photonic devices
capable of manipulating the radiation direction and directivity of structured light.
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1. Introduction

In recent years, dielectric nanoparticles with high refractive indices have received intensive
studies due to their intriguing anisotropic scattering properties originated from their intrinsic
optical electric and magnetic dipole (ED and MD) resonances [1-8]. Due to the MD induced by a
strong circular displacement current in the volume of such a dielectric nanoparticle, the effective
magnetic polarizability can be comparable to or even stronger than the corresponding electric
polarizability, resulting in the strong scattering of white light which is termed as “magnetic
light”. Due to the existence of multipole modes and the interference between them, dielectric
nanoparticles with high refractive indices exhibit very interesting scattering properties. For
instance, the coherent interaction of the ED and MD modes induced in a silicon (Si) nanosphere
(NS) leads to a significantly enhanced forward scattering and considerably suppressed backward
scattering or vice versus at the wavelengths where the first and second Kerker’s conditions are
satisfied [9—13]. In addition, the constructive interference of the ED and electric quadrupoles (EQ)
modes can be employed to realize highly directional scattering into different directions [14-16].
More interestingly, the destructive interference of a Cartesian dipole and a toroidal dipole (TD)
in the far field can exploited to create a nonradiative anapole mode [17-22]. In general, the
scattering properties of such dielectric nanoparticles depend strongly on their shapes [13—16,23].
In addition, the assembling of a few dielectric nanoparticles into dimers or oligomers can also be
employed to realize photonic devices with desirable radiation properties [24—29]. Alternatively,
structured light can be used to modify the optical responses of dielectric nanoparticles [30-36].

A focused radially polarized (RP) beam, which possesses an electric field in the propagation
direction [37], excites only the electric modes of a nanoparticle placed at the focal point and
suppresses all the magnetic modes [20,32-34]. As compared with a linearly polarized beam, only
the coupling efficiencies of the incident light to the electric and magnetic modes of the nanoparticle
are modified and the underlying multipolar spectral line shapes remain unchanged [33]. The
nonradiative anapole mode, which is created by the destructive interference of the ED and TD
modes in the far field [17-19], can be observed directly for a Si NS placed at the focal point of a
focused RP beam because the magnetic modes are suppressed [20]. Since only the longitudinal
ED is excited in the Si NS placed at the focal point, the radiation of the Si NS exhibits azimuthal
omnidirectionality in the transverse plane with no scattering in the forward direction. When the
Si NS is moved away from the focal point, both the electric and magnetic modes can be excited
in the Si NS, leading to a unidirectional lateral scattering which originates from the interference
of the longitudinal ED and the transverse ED and MD modes [34].

Owing to the different nature of mode hybridization, the scattering spectrum of a dielectric
nanoparticle dimer under a cylindrical vector beam illumination is qualitatively different from
that under a plane wave illumination. Very recently, the dark modes and field enhancements
in a dielectric nanoparticle dimer under a cylindrical vector beam illumination has been
investigated [36].

In this work, we unveil the mode hybridization in a Si NS dimer under the illumination of a RP
beam by using the Cartesian multipole decomposition method. It is found that the constructive
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interference between the ED and TD modes leads to the formation of a TED mode which
generates a scattering peak with significantly enhanced scattering intensity and dramatically
reduced linewidth. In addition, it is revealed that the interference of the TED mode with a MQ
mode originating from the discontinuous magnetic flux loop results in the bidirectional scattering
along the axis of the dimer. The existence of the an electric field component Ez in the propagation
direction plays a crucial role in realizing the sharp bending, which cannot be achieved for linearly
polarized beam. It is shown that a MD mode is induced in a heterodimer composed of two Si
NSs with different diameters owing to the breaking of the structural symmetry, and the scattering
occurs preferentially to the direction of the small Si NS.

Fig. 1. Schematic showing the excitation of a Si NS dimer with a focused RP beam and the
radiation of the Si NS dimer along its axis. The Si NS dimer is composed of two Si NSs
with the same radius of r; = r, = 100 nm and separated by a distance of g = 20 nm in the x
direction. The RP beam is propagating along the +z direction.

In Fig. 1, we show schematically the excitation of a Si NS dimer with a RP beam and the
resulting radiation of the Si NS dimer. The two Si NSs in the dimer have the same radius of
ri = r; = 100 nm and they are separated by a distance of g = 20 nm in the x direction. The RP
beam is propagating along the +z direction and the axis of the dimer is along the x direction. The
numerical aperture (NA) of the objective lens used to focus the RP beam is chosen to be 0.86,
corresponding to a focusing angle of a= + 60°.
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2. Numerical methods

The scattering spectra of the Si NS dimers discussed in this work were simulated by using the
finite-difference time-domain (FDTD) technique [38]. In the numerical implementation, the focal
field of the radially polarized beam with a diameter of 300 nm at the focal plane is calculated
by the k-space beam profile definition [39] and then imported to FDTD simulation. In order to
obtain the scattering spectrum of a Si NS dimer, we first computed the background field of the
RP beam in the absence of the Si NS dimers by using the FDTD simulation via the cross section
analysis group. Then, the total field in the presence of the Si NS dimers was calculated. Finally,
the scattering field was derived from the difference between the total field and the background
field. The decomposition of the scattering spectra into the contributions of various electric and
magnetic modes was performed by using the multipole expansion method [40]. The dielectric
function of Si was obtained from Palik [41] and the surrounding medium is set as air. A mesh size
of 2 nm was used for the illuminated region. Perfectly matched layers were used at the boundary
to terminate the finite simulation region. We have also performed numerical simulations for Si
NS dimers placed on a glass substrate. It was found that the influence of the glass substrate on
the scattering properties of Si NS dimers is negligible because of the relatively small refractive
of the glass substrate (n ~ 1.45) with respect to the Si NSs (n ~ 3.4).

3. Results and discussion

In Fig. 2(a), we present the scattering spectrum of the Si NS dimer shown in Fig. 1 (r; = r, = 100
nm) calculated by using the FDTD simulation. For comparison, the scattering spectrum of a
single Si NS placed at the focal point is also shown. It can be seen that all the magnetic modes are
suppressed and only the electric modes are excited for the single Si NS. In addition, the anapole
mode which is formed by the destructive interference of the ED and TD modes in the far field
is also excited, resulting in a scattering dip at ~560 nm with the weak contribution of the EQ
mode [20]. These phenomenons, which have been reported in previous literatures [20,32-34],
can be explained explicitly by using the multipole theory for tightly focused RP beam [42] whose
electric field is described as follows:

(o)

Er(r) = > [P, N (1) + ply, MY ()] (1)
=1

Here, pOE , and p?w , are the strengths of the electric and magnetic components, which have been
analytically calculated by using Eq. (10) in the previous work [42]. For a RP beam, we can get
p?w ; = 0, implying that all the magnetic multipole components are suppressed. In Fig. 2(a), it can
be seen that the scattering spectrum of the Si NS dimer is quite different from that of the single
Si NS due to the different nature of mode hybridization. Apart from the weak scattering peak
appearing at ~600 nm, one can see a strong scattering peak located at ~790 nm. The narrower
linewidth of ~40 nm observed for the scattering peak implies an efficient scattering or radiation
from the Si NS dimer. In this work, we will identify the physical origin of this scattering peak
and investigate the radiation behavior of the Si NS dimer at this resonance.

In order to understand the physical origin of the resonant peak at ~790 nm, we employed
the multipole expansion method [18,40] to decompose the total scattering spectrum of the Si
NS dimer into the contributions of various electric and magnetic modes, as shown in Fig. 2(b).
Basically, the multipolar decomposition starts from the polarization P = & (&, — &4) E induced
by the incident light, where E is the total electric field inside the particle, &9, &,, 4 are the
vacuum dielectric constant, relative dielectric permittivity of the particle, and relative dielectric
permittivity of the surrounding medium, respectively.

The multipoles are defined in a Cartesian coordinate with the origin located at the center of
mass of the dimer. The multipole moments can be obtained by the integration of the induced
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polarization currents over the volume of the dimer. The ED moment is expressed as:

p= ‘/Vso (ep — 4) E(x")dr’, )

where V is the scatterer volume and r’ is the radius vector of a volume element inside the particle.
The TD moment is described as:

T—-—/{nﬁwm—u ‘P ()] r'}dr’. 3)
The MD moment is given by:

m:lg/th@ﬂ @)

The irreducible EQ and magnetic quadrupole (MQ) tensors (ﬁ is the 33 unittensor) are
derived by:

—~ 2 —~
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Fig. 2. (a) Total scattering spectrum (red curve) calculated for the Si NS dimer illuminated by
a RP beam. The scattering spectrum of a single Si NS placed at the focal point (black curve)
is also provided for comparison. (b) Multipolar decomposition of the scattering spectrum of
the Si NS dimer into the contributions of various electric and magnetic modes. The electric
and magnetic field distributions calculated at the scattering peak (790 nm) of the Si NS
dimer are presented in (c) and (d), respectively.

The interference of the ED and TD moments can be treated as the total electric dipole moment
(TED) p+ lk"%T with the wave number k¢ and light velocity ¢ in vacuum. When all the multipole
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moments mentioned above are taken into account, the total scattering cross section oy, can be
written as [40]:

K} ik 2 kieato
o = . 0 . tkogd o, 0&dH 2|m|2
67(8 |Einc| 4 67T80|Einc|
,Uo
L TR P . LU Y 0
7207 2|Emc|2 Z 80m 0|E1n6|2 Z

where p is the vacuum permeability, and the indexes @ = x,y,zand 8 = x, y, z.

From the multipolar decomposition of the scattering cross section of the Si NS dimer shown
in Fig. 2(b), it is noticed that the interference of the ED and TD modes is constructive, which
generates a super-dipole mode (i.e., TED) [13] corresponding to the resonant peak at ~790 nm.
In addition, a MQ resonance located at ~780 nm, which is absent for a single Si NS illuminated
with a RP beam [20, 32-34], also contributes to the scattering peak at ~790 nm. Physically, the
MQ mode is induced by the discontinuous magnetic flux loop which leads to the formation of
two anti-parallel MD moments while the TD mode is characterized by the circulating magnetic
flux along the closed loop [18]. Therefore, the strong resonant peak observed in the scattering
spectrum is actually the superposition of the TED and MQ resonances [see Fig. 2(b)]. In Figs.
2(c) and 2(d), we show the electric and magnetic field distributions on the XZ and XY planes
calculated at the resonant peak of ~790 nm. In Fig. 2(c), we observe circular displacement
currents of clockwise and anti-clockwise in the left and right NSs, respectively. As a result, the
electric field in the gap region of the dimer is along the z axis and a circular magnetic field
distribution is observed on the XY plane, as shown in Figs. 2(c) and 2(d). It is the circular
magnetic field that generates a TD mode oriented in the z direction. Thus, the existence of the
TD mode in the scattering spectrum is confirmed by the magnetic field distribution of the Si NS
dimer.

Now, it becomes clear that the enhanced scattering observed in a homodimer illuminated by
using a RP beam originates from the interference of the TED and MQ modes. As compared
with the homodimer, the mode hybridization in a heterodimer is more complicated because of
the asymmetrical structure of the heterodimer with respect to the RP beam. In Fig. 3(a), we
show the scattering spectra calculated for a few heterodimers with the same gap width of g = 20
nm. In each case, the radius of the right Si NS is kept unchanged (r; = 100 nm). It is found
that the resonant peak is blueshifted or redshifted when the radius of the left Si NS is reduced
or increased. In all cases, a reduction in the scattering intensity as well as a broadening of the
linewidth is observed, as shown in Fig. 3(a).

In order to understand how the asymmetric structure of a heterodimer influences the scattering
behavior, the scattering spectra of two heterodimers with 7, = 90 and 110 nm are decomposed,
as shown in Figs. 3(b) and 3(c). Different from the scattering spectrum of a homodimer in which
the MD mode absent, the scattering spectrum of a heterodimer involves a significant contribution
of the MD mode. Since the radii of the two Si NSs are different in the heterodimer, the MD,,
modes induced in the two Si NSs are not canceled out, leaving a non-zero MD mode which
contributes significantly to the resonant peak in the scattering spectrum. Therefore, the radiation
of a heterodimer is determined by the interference of the TED, MQ and MD modes.

In Fig. 4(a), we show the three-dimensional (3D) radiation pattern simulated for the homodimer
with | = rp = 100 nm at the resonant peak of ~790 nm by using the FDTD simulation. It can be
seen that a bidirectional scattering along the x axis of the dimer is achieved. In this case, the
bending efficiency of the homodimer, which is defined as the power of the scattering light in the
x direction divided by that of the total scattering light in all directions, is calculated to be 43.5%.
For heterodimers, it is expected that the power distributions in the two radiation directions are



Research Article Vol. 26, No. 16 | 6 Aug 2018 | OPTICS EXPRESS 20058

Optics EXPRESS

4.0 T T T T
35 ,(a) r,=90nm ]

301 r,=100nm 1
25}
20F r,=110nm

151 1
101 1
05F E|

0.0 + + L +

500 600 700 800 900 1000
16 . . . .
—ED
—TD 1
——TED |
—MD
—EQ 1
—MQ ]
— Total

Scattering intensity (a. u.)

141 ®)
12t
101
081
0.6

Scattering intensity (a. u.)

Scattering intensity (a. u.)

QE= ——= —
500 600 700 800 900 1000
Wavelength (nm)

Fig. 3. (a) Scattering spectra calculated for heterodimers with r; = 100 nm and r, = 90, 95,
105, and 110 nm. The scattering spectrum of the homodimer with | = r, = 100 nm is also
provided for comparison. The decompositions of the scattering spectra for the hetrodimers
with 7, = 90 and 110 nm are shown in (b) and (c).
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different because of the breaking of the structural symmetry, as shown in Figs. 4(b) where the
two-dimensional (2D) radiation patterns on the XY plane for the heterodimers with r, = 90 and
110 nm excited at the resonant peaks are presented. In both cases, it can be seen that the incident

light is preferentially scattered to the small Si NS.

(a) (b) 90
120

r,=110 nm
150 30
X
180 0
210 330
300
270
- =100 %0
60 =159 nm 120 60 x=-100 nm
r, =80 nm (x2) X =-50 nm
r, =50 nm (x4) x=0nm
150 392=0nm(x4) 150 30x:50nm
x =100 nm
180 0 180 0
210 330 210 330
240 300 240 300
270 270

Fig. 4. (a) 3D radiation pattern of a homodimer with r; = r, = 100 nm illuminated by using
a RP beam. (b) 2D radiation patterns on the XY plane calculated for heterodimers with
rp = 90 and 110 nm. The 2D radiation pattern of a homodimer with r; = r, = 100 nm
is also provided for comparison. (c) 2D radiation patterns on the XZ plane calculated for
heterodimers with decreasing the radius of the left sphere. The 2D radiation pattern of a
homodimer with r{ = r, = 100 nm and a single Si NS displaced 110 nm away from the
focal point of the RP beam are also provided for comparison. The symbols X in (b) and (c)
indicate the positions of the Si NSs. (d) 2D radiation patterns on the XZ plane calculated for
a homodimer (r; = r, = 100 nm) whose center is shifted away from that of the RP beam in
the x direction by different values.

In Fig. 4(c), we show the 2D radiation patterns on the XZ plane calculated for heterodimers
with 7, = 80, 50 and 0 nm. It is remarkable that power distributions in the two radiation directions
become more asymmetric with decreasing the radius of the small Si NS. When the radius of the
small Si NS is reduced to zero (i.e., a single Si NS displaced from the focal point of the RP beam),
a unidirectional lateral scattering can be achieved. It is noticed, however, the radiation directivity
of the single Si NS is greatly reduced as compared with that of the Si NS dimer. In this case, the
radiation pattern can be modified by controlling the relative position of the Si NS to the focal
point, as demonstrated in previous literature [34]. For a heterodimer, it should be emphasized that
the interacting wavelength of the multipoles no longer coincides with the resonant wavelength
of the scattering spectrum. In Fig. 4(d), we show the 2D radiation patterns on the XZ plane
calculated for a homodimer (r; = r, = 100 nm) whose center is shifted away from that of the RP



Research Article Vol. 26, No. 16 | 6 Aug 2018 | OPTICS EXPRESS 20060 |
e -

Optics EXPRESS SN BN

beam in the x direction by different values. Similar to the situation of heterodimers, it can be seen
that unidirectional lateral scattering in the x direction can also be achieved in the homodimer
when the shift of its center from that of the RP beam exceeds 100 nm.

Fig. 5. 3D and 2D radiations patterns calculated for the TED, and MQy,, modes interacting
coherently (see the first and second rows). The radiation pattern resulting from the interference
of the TED; and MQyy modes is also schematically shown (see the third row).

The achievement of the radiation patterns shown in Fig. 4 can be understood qualitatively
from the interference of the radiation patterns of the electric and magnetic modes interacting
coherently, as schematically shown in Figs. 5 and 6. For a homodimer, the radiation pattern is
determined by the interference of the TMD, and MQ,, modes. Consequently, the interference
leads to the bidirectional radiation in the x direction, as shown in Fig. 4. In addition, a good
directivity is observed because the radiation originates from the interaction of a dipole and a
quadrupole modes [15]. Since the amplitude of the MQ mode is smaller than that of the TED
mode, the destructive interference in the y direction is not complete, leading to the non-zero
radiation in the y direction [see Fig. 4]. In a heterodimer, the radiation is determined by the
interference between the TED, and MD, modes, which is quite similar to the radiation of a
single Si NS, as shown in Fig. 6. Different from a single Si NS illuminated by using a plane
wave, however, the radiation of the heterodimer illuminated by using a RP beam appears in the
x direction instead of the z direction. Moreover, the transverse TED, mode should be taken
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into account when the radius of the small Si NS becomes smaller than 50 nm. In this case, the
interference of TED,, MD, and TED, modes leads to a unidirectional lateral scattering with
deteriorate radiation directivity [see Fig. 4(c)].

TﬁDz

Fig. 6. 3D and 2D radiations patterns calculated for the TED; and MDy,, modes interacting
coherently (see the first and second rows). The radiation pattern resulting from the interference
of the TED; and MD,y modes is also schematically shown (see the third row).

4. Conclusion

In summary, we have investigated the radiation behavior of a Si NS dimer illuminated by using
a focused RP beam. A strong resonant peak with enhanced scattering intensity and reduced
linewidth is observed in the scattering spectrum of the Si NS dimer. The physical origin of the
resonant peak is identified by decomposing the scattering spectrum into the contributions of
various electric and magnetic modes. It is revealed that the scattering of a homodimer is governed
by the interference of the TED and MQ modes while that of a heterodimer is determined by the
interference of the TED, MQ, and MD modes. Bidirectional radiation along the x axis of the
dimer is observed, implying a sharp bending (90°) of the incident RP beam. Power distributions
in the two radiation directions can be achieved by using a heterodimer and a unidirectional lateral
scattering can be realized by using a Si NS displaced appropriately with respect to the focal point.
Our finds are quiet helpful for understanding the mode hybridization in a Si NS dimer illuminated
by using a RP beam and useful for designing photonic devices capable of manipulating light
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radiation. In practice, the photonic device proposed in this work can be built by using the laser
printing method [7, 8] in combination with the nanomanipulation method [43]. Si NSs with
accurate size and position control can be fabricated on a glass substrate by using the laser printing
method [7, 8]. In addition, the creation of Si dimers with controllable gap widths can be realized
by using the tip of an atomic force microscope [43].
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