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Abstract

Dielectric nanoparticles can demonstrate a strong forward scattering at visible and near-infrared wavelengths due to the
interaction of optically induced electric and magnetic dipolar resonances. For a spherical nanoparticle, the first Kerker's
condition within dipole approximation can be realized, where backward scattering can reach zero. However, for this type
of dielectric sphere, maximum forward scattering without backward scattering cannot be realized by modulating the
refractive index and particle size of this nanoparticle. In this paper, we have demonstrated that a larger directional
forward scattering than the traditional spherical nanoparticle can be obtained by using the ellipsoidal nanoparticle, due
to the overlapping electric and magnetic dipolar modes. For the oblate ellipsoid with a determined refractive index,
there is an optimum shape for generating the suppressed backward scattering along with the enhanced forward
scattering at the resonant wavelength, where the electric and magnetic dipolar modes overlap with each other. For the
prolate ellipsoid, there also exist the overlapping electric and magnetic dipolar modes at the resonant wavelength of
total scattering, which have much higher forward scattering than those for both oblate ellipsoid and sphere, due to the
existence of the higher multipolar modes. Furthermore, we have also demonstrated the realization of the dimensional
tailoring in order to make the strong forward scattering shift to the desired wavelength.
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Background

Electromagnetic waves scattered by nanoparticles has
gained great attention because of its immense applica-
tions, including optical communications [1, 2], optical
manipulations [3, 4], material science [5, 6], and so on.
In general, scattering ordinarily relies on shape, size, and
composition of nanoparticles. Due to its remarkable
electric and magnetic resonances at optical frequencies,
the scattering of dielectric nanoparticles has attracted
lots of renewed interest in the last few years. The
interactions between the electric and magnetic modes
allow to fulfill certain conditions, which can generate
directional scattering [7—14]. Such certain condition was
called Kerker’s condition which was first proposed with
small magnetodielectric spheres in 1983 [7], including
the first Kerker’s condition for zero backward scattering
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(BS) and the second Kerker’s condition for minimum
forward scattering (FS). In the middle of these two
particular scattering properties, suppressed backward
scattering and enhanced directional forward scattering
are typically of more practical application, such as in op-
tical antennas [15-17], plasmon-enhanced photovoltaics
[18, 19], and other devices based on optically induced
“negative forces” [20].

The proposed interactions between the electric and
magnetic modes caused by dielectric nanoparticles could
manipulate angular distributions of the scattering more
flexibly than the pure electric-response-based method,
which is usually driven by complex structures [21, 22].
Nevertheless, the zero backward scattering condition for
spherical dielectric particles can only be fulfilled in the
longer wavelength region than the magnetic dipole res-
onant wavelength. Moreover, such spherical nanoparti-
cles are governed by only one geometrical parameter
and thus do not allow for the spectral-shift of the
resonant-position for the electric and magnetic dipoles.
Recently, it was shown that in silicon nanodisks with the
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aspect ratio about 1:2, electric and magnetic dipolar
resonances can be overlapped to utilize the spectral-shift
of the resonant-position [23], providing a strong FS and
near zero BS at the scattering resonance wavelength.

In this paper, we give a general discussion on the light
scattering by the spherical and ellipsoidal dielectric nano-
particles. Firstly, with the method of Mie theory, it is
shown that the scattered field for a plane wave illuminat-
ing the dielectric sphere can be decomposed into a series
of electric and magnetic multipolar modes in free space.
From the Mie decompositions of the scattered field, we
can obtain the condition of the zero backward scattering.
However, maximum forward scattering without backward
scattering occurs away from the resonant wavelength of
total scattering. Then, we present numerical parametric
researches for the oblate ellipsoid and prolate ellipsoid by
using finite element method and multipole decomposition
based on electromagnetic multipole theory, which particu-
larly demonstrate the possibility of suppressed backward
scattering and enhanced directional forward scattering.
For oblate ellipsoid, we can find an optimum aspect ratio
usually, with near zero backward scattering and enhanced
forward scattering at the resonant wavelength of total
scattering, due to the overlapping of the electric and mag-
netic dipole resonances. For prolate ellipsoid, we can also
find the overlapping of the electric and magnetic dipole
resonances similar to that of oblate ellipsoid, where the
forward scattering can be enhanced more strongly while
the backward scattering is not zero due to the existence of
the higher-order multipolar modes. Finally, we also pro-
vide an easy way to tune the strong forward scattering to
the desired wavelength.

Methods

Scattering properties of a spherical dielectric nanoparticle
in free space have been solved analytically based on Mie
theory [24]. The spherical dielectric nanoparticle has a ra-
dius of 7 and the refractive index of n. The incident plane
wave is assumed to propagate along x-direction and polar-
ized along the z-direction. The scattered field can be
decomposed into electric and magnetic multipolar modes
(the so-called Mie’s expansion), in which the Mie coeffi-
cients can be expressed as a,, = |a,,|e"" and b,, = |b,|
€%, respectively (y,, and J,, are the corresponding phase
of the electric and magnetic responses). And the total
scattering efficiency Q. can be defined as the ratio of the
scattering cross section divided by the cross section (777%)
of the particle [24]:

2 o
Qsca = W Zmzl

where k is the wavenumber. Considering that 4,, and
b,, correspond to the mth order electric and magnetic

(2m + 1) (|am|* + |6m]*), (1)
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multipoles, respectively (e.g., a; and b; correspond to electric
dipole and magnetic dipole, respectively), then the Q. con-
tributed from them can be expressed respectively as follows:

Qum = (2m + 1)‘“m|

Qbm
(2m + 1)[b[. (2)
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e

Furthermore, The BS efficiency (Qp) and the FS
efficiency (Qg), which respectively correspond to the
scattering efficiency at the backward and forward direc-
tion [24], can be expressed as follows:

Qs = 122 ‘Zm 1

1 o
%=1 ’Zm:1(2m 1) (@ + by)

" (2 + 1) (@ m)‘ (3)
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Results and discussions

Firstly, we characterize the condition of the first Kerker’s
condition within dipole approximation, i.e., a; = by, for a
dielectric sphere with r=0.24um. This is due to the fact
the lowest order dipolar modes are easiest to excite, and
thus to a certain degree, these two modes will dominantly
determine the scattering pattern [7-12, 23, 25-28].
Figure 1a, c shows the real and imaginary parts of a; and
b, as a function of g (g is particle size parameter), for three
different values of refractive index n =2.5, 3, and 3.5. The
conditions a; = b; corresponding to n =2.5, 3, and 3.5 are
marked by filled black, blue, and red circles in Fig. 1a, c
Satisfying the condition for both real and imaginary parts
will lead to pronounced minima in the backward scattering
efficiencies as depicted in Fig. 1b. In this case, the zero back-
scattering occurs when the electric and magnetic dipoles
have the same strength and oscillated phase. Since the na-
tures of these dipolar radiations, the forward scattering be-
comes constructive, while the backward scattering is
reduced to near zero. Figure 1d presents the trajectory of
minimum backward scattering efficiency on the g, #n param-
eters’ plane. And according to the condition a; = b}, we can
conclude that the trajectory of minimum backward scatter-
ing efficiency can be well depicted by gn = 2nrn/A = 2.75 (A
is the incident wavelength) [9, 25]. The inset shown in Fig. 1d
depicts the schematic diagram of single spherical nano-
particle and associated coordinate system in the simulations.
In this work, we just consider electromagnetic scattering of
nanoparticles in the vacuum.

In Fig. 2, we show the total scattering efficiency for a
sphere with different refractive index, where the first
Kerker’s condition within dipole approximation holds.
Here, our aim is to find the optimal refractive index of
the sphere with the largest scattering efficiency under
the first Kerker’s condition within dipole approximation,
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Fig. 1 The real (a) and imaginary parts (c) of electric dipole coefficient a; and magnetic dipole coefficient b, for spherical dielectric nanoparticles
with three different values of refractive index n= 2.5, 3, and 3.5 respectively. The filled black, blue, and red circles show Rea;, = Reb; and Ima, =
Imb; corresponding to n=2.5, 3, and 3.5 respectively. b Backward scattering efficiency (in the logarithmic scale) as a function of g with three
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in which we can find that the spherical nanoparticle with
refractive index around 2.5 has the largest scattering effi-
ciency. For example, there are three real materials pos-
sessing a refractive index within this range [29], such as
diamond, titanium dioxide, and strontium titanate.
The two-dimension scattering patterns are further
calculated for spherical dielectric nanoparticles of r=
0.24pm versus n =2.5, 3, and 3.5 corresponding to A
=1.38, 1.65, and 1.93 pm, respectively, and displayed
in the insets. Right inset presents the scattering pat-
tern of xz-plane corresponding to the p-polarized
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Fig. 2 The total scattering efficiency of a spherical dielectric nanoparticle
as a function of the refractive index n under first Kerker's condition
within dipole approximation. In the insets, the two-dimension scattering
patterns are further calculated for spherical dielectric nanoparticles of
r=0.24 um versus n=25, 3, and 3.5 corresponding to A= 138,

1.65,and 1.93 um

component (azimuthal angle ¢=0°) and the left one
presents the scattering pattern of xy-plane corre-
sponding to the s-polarized component (¢p=90°). It is
found that the backward scatterings are almost com-
pletely suppressed and scattered energies are radiated
into the forward direction, which shows that the sup-
pressing backward scattering and the largest forward
scattering can be achieved with refractive index
around 2.5 under the first Kerker’s condition within
dipole approximation.

From above, we can conclude that the largest scatter-
ing efficiency for spherical particles occurs at the refract-
ive index around 2.5, where the first Kerker’s condition
can be satisfied within dipole approximation. In the fol-
lowing, we will focus on the scattering properties of the
spherical particles with r=0.24 um, n = 2.5 by using Mie
theory (Fig. 3a, b) and finite element method (FEM)
(Fig. 3¢, d) respectively, which show FEM is an effective
way because it matches well with the Mie theory.
Meanwhile, in order to gain further insight into the origin
of directional scattering properties, the corresponding
electric and magnetic multipole contributions can be
calculated from both Egs. (2) (Fig. 3a) and electromagnetic
multipole theory (EMMT) (Fig. 3c) [30]. It is clearly seen
that the EMMT results agree well with the ones calculated
by Mie theory. Therefore, we would use FEM and EMMT
for obtaining the scattering of the spheroid in the
following, which can calculate the scattering properties
and corresponding electric and magnetic multipole
contributions. At the wavelength A =1.38 pm marked as
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Fig. 3 The total with corresponding multipole contributions (a), forward and backward (b) scattering efficiencies of spherical dielectric
nanoparticle with r=0.24 um and n= 2.5 by using Mie theory. The total with corresponding multipole contributions (c), forward and backward
(d) scattering efficiencies of spherical dielectric nanoparticle with r=0.24 um and n= 2.5 by using FEM and EMMT. Qg (ED) and Q1 (MD)
represent the electric and magnetic dipole responses, respectively. Qg (EQ) and Qy;, (MQ) represent the electric and magnetic quadrupole
responses, respectively. Qq3 and Q3 represent the electric and magnetic octupole responses, respectively. The arrows show the locations of
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green start as shown in Fig. 3a, ¢, where the first Kerker’s
condition within dipole approximation (a; = b,) is satisfied
as depicted in Fig. 1, the backward scattering is almost
zero but the total and forward scattering takes place at the
tail of magnetic dipole resonance. This means that for a
spherical particle, whatever the particle parameters are, it
is not possible to obtain much larger forward scattering by
fulfilling the first Kerker’s condition within dipole approxi-
mation for the minimum backward scattering. From
formula (4), the condition leads to that the forward
scattering is proportional to the value of #°|a,|%. However,
the values of |a;| or |by| at the first Kerker’s condition
within dipole approximation are quite small, below 0.6, as
seen in Fig. 1a, c. Therefore, if the electric and magnetic
dipolar modes could be overlapped, both the total and
forward scattering would be enhanced.

To achieve a relatively strong forward scattering,
one of the possibilities is to use metallic-dielectric
core-shell nanoparticles [14, 26-28]. In the following,
we will demonstrate that it can also be realized by
changing the particle’s shape, e.g., using oblate ellips-
oid or prolate ellipsoid instead of the sphere. As ex-
hibited in Ref. [23], by using a nanodisk instead of
sphere with an aspect ratio near 1:2, they could make
the electric and magnetic dipole resonances overlap
and make the minimized backward scattering ap-
proach to the wavelength of scattering resonance. As
an effective way to reach a strong forward scattering,

we will talk about it for both oblate ellipsoid and
prolate ellipsoid.

A spheroid (ellipsoid of revolution) is obtained by the
rotation of an ellipse around its minor axis (oblate ellips-
oid) or its major axis (prolate ellipsoid). The aspect ratio
defines as the ratio of the major semiaxis (a) to the
minor semiaxis (b), which describes the particle shape
vary from a sphere (a/b =1) to a disk for oblate ellipsoid
or a needle for prolate ellipsoid (a/b = 1). Also, we define
the particle size parameter as g, = 27r,/A (r, is the radius
of sphere which has the same volume to that of the
spheroid). Schematic diagrams of oblate ellipsoid and
prolate ellipsoid and associated coordinate system under
study are shown in Fig. 4. In this work, the incident
plane wave is assumed to propagate along x-direction
(minor axis for oblate ellipsoid or major axis for prolate
ellipsoid) and polarized along z-direction. The following
numerical calculations are performed using FEM and
EMMT for the spheroid.

Now the performance of the oblate ellipsoid, which
considers as r,=0.24um and n=2.5, is illustrated in
Fig. 5. We depict the total scattering characteristic as a
function of the incident wavelength, as shown in Fig. 5,
and the corresponding electric and magnetic multipole
contributions to the total scattering efficiency are also
shown in Fig. 5. It is evident that some shifts in the pos-
ition of the resonance wavelengths due to deformation
of the sphere, which show the tuned dynamics of the
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Fig. 4 Schematic diagrams of the used oblate ellipsoid, prolate
ellipsoid, and associated coordinate system in the simulations

overlapping between the electric and magnetic dipole
resonances for the oblate ellipsoid nanoparticle with
refractive index n=2.5. But for the spherical particle,
electric and magnetic dipolar resonances are well sepa-
rated. From Fig. 5, it is seen that the electric and mag-
netic dipolar resonances approach each other gradually
with increasing a/b, which can allow to obtain minimum
backward scattering at the resonance of total scattering.
It is noted that total scattering efficiency of oblate ellips-
oid with a/b=1.6, where the electric and magnetic
dipolar modes are overlapped, occurs at the resonance
of total scattering.

Next, we will discuss the performances of the prolate
ellipsoids. Alike the case of oblate ellipsoid, we focus on
the total scattering and the corresponding multipole
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contributions with r,=0.24 pm and n=2.5 versus
different aspect ratios, as shown in Fig. 6. It is clearly
shown that the total scattering have some shift in the
position of the resonance wavelengths due to deform-
ation of the sphere. It is also seen that the electric and
magnetic dipolar resonances approach each other grad-
ually with increasing a/b, which can allow obtaining
minimum backward scattering at the resonance of total
scattering. It is noted that total scattering efficiency of
prolate ellipsoid with a/b=4.2, where the electric and
magnetic dipolar modes are overlapped, occurs at the
resonance of total scattering. In this particle, we can
realize a larger total scattering than the ones of sphere and
oblate ellipsoid at the overlapping of the electric and
magnetic dipolar resonances. It is due to the existence of
the higher multipolar modes at the overlapping of the
electric and magnetic dipolar resonances as shown in
Fig. 6, which could enhance the scattering more strongly.
Typical two-dimension scattering patterns are further il-
lustrated in Fig. 7a—c for sphere (a/b = 1), oblate ellipsoid
(a/b =1.6), and prolate ellipsoid (a/b = 4.2) corresponding
to A =1.38, 1.18, and 1 um with the same n = 2.5. And the
arrows in Fig. 7a—c denote the incident wave direction. It
is found that the scattering in the backward direction is
suppressed at above situations. It is also seen that only a
small part of the scattered energy is radiated into the
backward hemisphere for both p-polarized and s-polarized
components. Given the comparison in Fig. 7a, b, it is
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Fig. 5 The total scattering efficiency with corresponding multipole contributions of oblate ellipsoid nanoparticles for different aspect ratio a/b,
ranging from 1 to 1.6. Q,; (ED) and Qp; (MD) represent the electric and magnetic dipole resonances, respectively. Qg (EQ) and Qp, (MQ)
represent the electric and magnetic quadrupole resonances, respectively. Q,3 and Qp3 represent the electric and magnetic octupole resonances,
respectively. The arrows show the locations of corresponding multipole contributions
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clearly seen that the forward scattering can be enhanced
strongly, while the backward scattering is suppressed. For
prolate ellipsoid (a/b = 4.2), the forward scattering is much
more strong than those for both sphere and oblate ellips-
oid. And the backward scattering is not zero but much

smaller than the forward one. It is due to the existence of
the higher multipolar modes, which can be seen in Fig. 6.
Moreover, the scattered energy is mainly radiated into the
forward hemisphere. Furthermore, the corresponding
electric field distributions (xz-plane), around the
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Fig. 7 The two-dimension scattering patterns for sphere (a/b=1) (a), oblate ellipsoid (a/b=1.6) (b), and prolate ellipsoid (a/b=4.2) (c) dielectric
nanoparticles with same n= 2.5, consisting of both p-polarized and s-polarized components. The corresponding electric field distributions around
the nanoparticles of sphere (a/b=1) (d), oblate ellipsoid (a/b=1.6) (e), and prolate ellipsoid (a/b =4.2) (f)
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nanoparticles of sphere (a/b=1), oblate ellipsoid (a/b =
1.6), and prolate ellipsoid (a/b = 4.2), have been shown in
Fig. 7d—f. It can be seen that the electric field is
suppressed in the backward direction and the values
of the electric field are relatively large in the forward
direction, which agree well with the far scattering
patterns. These figures confirm that the enhanced
forward scattering combined with suppressed back-
ward scattering can be obtained by deformation of
the sphere.

In general, the scattering performances of the nano-
particles are dependent on the size parameters, which
makes it possible to tune the suppressed backward
scattering and enhanced forward scattering for the oblate
ellipsoid and prolate ellipsoid to the desired wavelength by
varying the geometrical parameters. In order to demon-
strate the tuning mechanism further, the backward and
forward scattering efficiencies for the oblate ellipsoids
and prolate ellipsoids with four different size of r,=
0.32, 0.28, 0.24, and 0.20 pm are displayed in Fig. 8a, c,
respectively, as functions of the incident wavelength.
Figure 8b, d shows the trajectories of the incident
wavelength with a/b, which has suppressed backward
scattering and enhanced forward scattering for oblate
ellipsoids and prolate ellipsoids, respectively. Comparing
all the case as shown in Fig. 8, it is obvious that the
suppressed backward scattering and enhanced forward
scattering gradually shift to the longer wavelength with
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increasing particle size for both oblate ellipsoids and
prolate ellipsoids.

Conclusions

In this paper, the scattering characteristics of the spherical
and ellipsoidal dielectric nanoparticles have been investi-
gated, in order to obtain enhanced total and forward
scattering together with suppressed backward scattering.
Ellipsoidal nanoparticles with different aspect ratios provide
an effective method for obtaining the overlapped electric
and magnetic dipole resonances. For both oblate ellipsoid
and prolate ellipsoid, we could obtain strong asymmetric
scattering of suppressed backward scattering and enhanced
forward scattering at the resonance wavelength of total
scattering, with the given value of refractive index n =2.5.
Moreover, we could obtain larger total and forward scatter-
ing in the situation of prolate ellipsoid than those for both
oblate ellipsoid and sphere, at which the electric and
magnetic dipolar modes are overlapped at the resonance
wavelength of total scattering. Finally, we have performed
the size parameter study of light scattering for ellipsoidal
structures, which can move the suppressed backward
scattering and enhanced forward scattering to the desired
wavelength. Overall, we provide a flexible mean to gain
enhanced total and forward scattering together with
suppressed backward scattering. The above mentioned
properties make the ellipsoidal dielectric nanoparticles have
great potential applications in manipulating light at
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Fig. 8 The backward and forward scattering efficiencies for oblate ellipsoids (a) and prolate ellipsoids (c) versus the incident wavelength for
different particle size from r,=0.32 um to r, =0.20 um. b and d show the trajectories of wavelength with a/b, which has suppressed backward
scattering and enhanced forward scattering for oblate ellipsoids and prolate ellipsoids, respectively
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nanoscale, such as solar cell application, efficient directional
optical nanoantennas, sensing, and so on.

Acknowledgements

The authors gratefully acknowledge the financial supports for this work from
the National Natural Science Foundation of China under Grant No. 61575060,
61501159, and 11505043, State Key Laboratory of Millimeter Waves (K201711),
and the Fundamental Research Funds for the Central Universities
(2015HGCHO0010).

Authors’ contributions

ZHW and NA carried out the simulation works and drafted the manuscript.
FS, HPZ, YXS, ZNJ, YHH, and YL were involved in the discussions and the
evaluations of the simulated results. ZYG supervised the simulation works and
revision of the article. All authors read and approved the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Author details

'School of Information Science and Technology, University of Science and
Technology of China, Hefei 230026, China. *School of Computer and
Information, Hefei University of Technology, Hefei 230009, China.
3Department of Optoelectronics Science, Harbin Institute of Technology at
Weihai, Weihai 264209, China. State Key Laboratory of Millimeter Waves,
Southeast University, Nanjing 210096, China.

Received: 12 November 2016 Accepted: 14 December 2016
Published online: 19 January 2017

References

1. XuQ Guo ZY, Tao QQ, Jiao WY, Wang XS, Qu SL, Gao J (2015) The transmitting
characteristics of the polarization information under seawater. Appl Optics
54(21)6584-6588

2. XuQ, Guo ZY, Tao QQ, Jiao WY, Qu SL, Gao J (2015) Multi-spectral
characteristics of polarization retrieve in various atmospheric conditions.
Opt Commun 339:167-170

3. ZhuL, Guo ZY, Xu Q, Zhang JR, Zhang AJ, Wang W, Liu Y, Li Y, Wang XS,
Qu SL (2015) Calculating the torque of the optical vortex tweezer to the
ellipsoidal microparticles. Opt Commun 354:34-39

4. Liu CX, Guo ZY, Li Y, Wang XS, Qu SL (2015) Manipulating ellipsoid
micro-particles by femtosecond vortex tweezers. J Optics 17(3):035402

5. Luo LB, Zeng LH, Xie C, Yu YQ, Hu JG, Wu CY, Wang L, Jie JS (2014)
Light trapping effect and localized surface plasmon resonance enhanced
high-performance NIR photodetector. Sci Rep 4:3917

6. Luo LB, Huang XL, Wang MZ, Xie C, Wu CY, Hu JG, Wan L, Huang JA (2014)
The effect of plasmonic nanoparticles on the optoelectronic characteristics
of CdTe nanowires. Small 13:2645

7. Kerker M, Wang DS, Giles CL (1983) Electromagnetic scattering by magnetic
spheres. JOSA 73(6):765-767

8. Mehta RV, Patel R, Desai R, Upadhyay RV, Parekh K (2006) Experimental
evidence of zero forward scattering by magnetic spheres. Phys Rev Lett
96(12):127402

9. Garcia-Cadmara B, de la Osa RA, Saiz JM, Gonzélez F, Moreno F (2011)
Directionality in scattering by nanoparticles: Kerker's null-scattering
conditions revisited. Opt Lett 36(5):728-730

10.  Geffrin JM, Garcia-Camara B, Gémez-Medina R, Albella P, Froufe-Pérez LS,
Eyraud C, Litman A, Vaillon R, Gonzélez F, Nieto-Vesperinas M, Séenz JJ,
Moreno F (2012) Magnetic and electric coherence in forward-and back-
scattered electromagnetic waves by a single dielectric subwavelength
sphere. Nat Commun 3:1171

11, Lukyanchuk BS, Voshchinnikov NV, Paniagua-Dominguez R, Kuznetsov Al
(2015) Optimum forward light scattering by spherical and spheroidal dielectric
nanoparticles with high refractive index. ACS Photonics 2(7):993-999

12. Naraghi RR, Sukhov S, Dogariu A (2015) Directional control of scattering by
all-dielectric core-shell spheres. Opt Lett 40(4):585-588

13. Pors A, Andersen SKH, Bozhevolnyi SI (2015) Unidirectional scattering by
nanoparticles near substrates: generalized Kerker conditions. Opt Express
23(22):28808-28828

14. Liberal I, Ederra |, Gonzalo R, Ziolkowski RW (2015) Superbackscattering from
single dielectric particles. J Optics 17(7):072001

22.

23.

24,

25.

26.

27.

28.

29.

30.

Page 8 of 8

Novotny L, Hulst NV (2011) Antennas for light. Nat Photonics 5:83-90
Curto AG, Volpe G, Taminiau TH, Kreuzer MP, Quidant R, Hulst NFV (2010)
Unidirectional emission of a quantum dot coupled to a nanoantenna.
Science 329(5994):930-933

Krasnok AE, Miroshnichenko AE, Belov PA, Kivshar YS (2012) All-dielectric
optical nanoantennas. Opt Express 20(18):20599-20604

Atwater HA, Polman A (2010) Plasmonics for improved photovoltaic
devices. Nat Mater 9:205-213

Zhou KY, Jee SW, Guo ZY, Liu ST, Lee JH (2011) Enhanced absorptive
characteristics of metal nanoparticle-coated silicon nanowires for solar cell
applications. Appl Opt 50(31):G63-G68

Dogariu A, Sukhov S, Sdenz J (2013) Optically induced negative forces'.
Nat Photonics 7(1):24-27

Rui G, Nelson RL, Zhan Q (2011) Circularly polarized unidirectional emission
via a coupled plasmonic spiral antenna. Opt Lett 36(23):4533-4535
Taminiau TH, Stefani FD, Segerink FB, Huls NFV (2008) Optical antennas
direct single-molecule emission. Nat Photonics 2(4):234-237

Staude |, Miroshnichenko AE, Decker M, Fofang NT, Liu S, Gonzales E,
Dominguez J, Luk TS, Neshev DN, Brener |, Kivshar Y (2013) Tailoring
directional scattering through magnetic and electric resonances in
subwavelength silicon nanodisks. ACS Nano 7(9):7824-7832

Bohren CF, Huffman DR (1983) Absorption and scattering of light by small
particles. Wiley, New York

Zhang Y, Nieto-Vesperinas M, Sdenz JJ (2015) Dielectric spheres with
maximum forward scattering and zero backscattering: a search for their
material composition. J Opt 17(10):105612

Li 'Y, Wan M, Wu W, Chen Z, Zhan P, Wang Z (2015) Broadband zero-
backward and near-zero-forward scattering by metallo-dielectric core-shell
nanoparticles. Sci Rep 5:12491

Liu W, Zhang J, Lei B, Ma H, Xie W, Hu H (2014) Ultra-directional forward
scattering by individual core-shell nanoparticles. Opt Express 22(13):16178-16187
Liu W, Miroshnichenko AE, Neshev DN, Kivshar YS (2012) Broadband
unidirectional scattering by magneto-electric core-shell nanoparticles.
ACS Nano 6(6):5489-5497

Palik ED (1998) Handbook of optical constants of solids. Academic press,
New York

Grahn P, Shevchenko A, Kaivola M (2012) Electromagnetic multipole theory
for optical nanomaterials. New J Phys 14(9):093033

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Immediate publication on acceptance

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com




	Abstract
	Background
	Methods
	Results and discussions
	Conclusions
	Acknowledgements
	Authors’ contributions
	Competing interests
	Author details
	References

