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Abstract

We investigate the modification of the magnetic dipole resonance of a silicon nanosphere, which is illuminated by a
focused azimuthally polarized beam, induced by a metal substrate. It is found that the magnetic dipole of the silicon
nanosphere excited by the focused azimuthally polarized beam and its image dipole induced by the metal substrate
are out of phase. The interference of these two anti-parallel dipoles leads to a dramatic line width compression in the
magnetic dipole resonance, manifested directly in the scattering spectrum of the silicon nanosphere. The quality
factor of the modified magnetic dipole resonance is enhanced by a factor of ∼ 2.5 from ∼ 14.62 to ∼ 37.25 as
compared with that of the silicon nanosphere in free space. Our findings are helpful for understanding the mode
hybridization in the silicon nanosphere placed on a metal substrate and illuminated by a focused azimuthally
polarized beam and useful for designing photonic functional devices such as nanoscale sensors and color displayers.
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Background
Dielectric nanoparticles with large refractive indices and
diameters ranging from 100 to 250 nm, which support
distinct Mie resonances in the visible to near-infrared
spectral range, have become the focus of many studies in
recent years because they are considered as the promis-
ing building blocks for metamaterials working at optical
frequencies [1–7]. The coexistence of magnetic dipole
(MD) and electric dipole (ED) as well as their coherent
interaction in such nanoparticles leads to many intrigu-
ing phenomena such as the enhanced and suppressed
forward and backward scattering at specific wavelengths
(e.g., the wavelengths satisfying the first and second
Kerker’s conditions) [8–12]. Moreover, the interference
between the electric and magnetic multipole modes can
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result in extraordinary directional scattering into different
directions [13–15].
The electric and magnetic resonances excited in dielec-

tric nanoparticles with large refractive indices can be
manipulated by using various methods [16–31]. This
unique feature offers us the opportunity to modify the
linear and nonlinear optical properties of single nanopar-
ticles and metamaterials composed of such nanoparticles.
For example, the electric and magnetic resonances excited
in a nanoparticle can be easily modified by changing its
size or shape [16–25]. In addition, it has been shown
that the substrate used to support a nanoparticle can
also be employed to manipulate the optical responses
of the nanoparticle. Particularly, the particle-film hybrid
systems in which a dielectric nanoparticle is placed on
a metal substrate have attracted great interest due to
the formation of new resonant modes originating from
the coherent interaction between the multipole modes
of the dielectric nanoparticle and their mirror images
induced by the metal substrate [26–32]. Under the excita-
tion of a linear-polarized light, the interference of the ED
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of a Si nanosphere (NS) and its mirror image induced by a
Au film leads to the formation of a MD located at the con-
tact point between the Si NS and the Au film, where the
magnetic field is significantly enhanced [26–29]. In case
of oblique incidence, the line width of the mirror-image-
induced MD in the Si NS can be controlled by varying the
polarization of the incident beam [30].
Apart from substrate, structured light such as cylindri-

cal vector beam acts as a powerful tool for manipulating
the optical responses of dielectric nanoparticles [33–42].
For example, the selective excitation of the ED or MD
resonance of a nanoparticle by using radially polarized
or azimuthally polarized (AP) beams have been studied
[35–42]. When a nanoparticle is placed at the focal point
of an AP beam, only the magnetic modes of the nanopar-
ticle are excited, and all the electric ones are suppressed
because of the zero electric field along the beam axis
[38–42]. For this reason, the magnetic resonances of
the dielectric nanoparticle can be selectively excited, and
the ideal anapole modes of magnetic type can be also
activated by using 4π-illumination with two AP beams
[42]. Moreover, the MD modes of dielectric nanoparticles
excited by a focused AP beam provide a perfect platform
for tailoring the MD transition [43, 44].
So far, the studies on the scattering properties of Si

NSs illuminated by using focused AP beam are sus-
pended in the air or placed on SiO2 substrate [38–42].
The line widths of the MD resonances of such Si NSs
still not satisfied for the practical applications where MD
resonances with narrow line widths or large quality fac-
tors are highly desirable. For instance, a small increase
in the quality factor of the MD resonance may lead to a
significant enhancement in the two- and three-photon-
induced absorption of Si nanoparticles, lighting up Si
nanoparticles with femtosecond laser pulses [45]. Here,
we investigate the scattering properties of a Si NS placed
on a metal substrate and illuminated by a focused AP
beam. Due to the rotational symmetry of the AP beam
and the Si NS, only the magnetic multipoles of the Si NS
are excited. It is found that the MD and its image induced
by the metal substrate are out of phase, and the coher-
ent interaction of them leads to a dramatic narrowing of
the MD resonance (∼ 20 nm) as compared with that of
the Si NS suspended in air (∼ 53 nm). Accordingly, the
quality factor of theMD resonance is enhanced by a factor
of ∼ 2.5 from ∼ 14.62 to ∼ 37.25. The sharp MD reso-
nance achieved in the Si NS by using the combination of a
metal substrate and a focused AP beammay find potential
applications in nanoscale photonic devices such as sensors
and color displayers.

Numerical Methods
The scattering spectra of the Si NSs studied in this
work were calculated by using the finite-difference time-

domain (FDTD) method [46]. In the numerical calcula-
tions, the electric field of the AP beam at the focal plane
was firstly calculated by the k-space beam profile defini-
tion [47] and then used for the FDTD simulation. The
radius of the Si NS was fixed at R = 100 nm, and the metal
substrate was chosen to be a perfect electric conductor
(PEC) in the “Results and Discussion” and “Image Theory
of the Out of Plane MD” sections and Au in the “Practical
Applications” section. The optical constants of Si and Au
were taken from Palik and Ghosh [48] and from Johnson
and Christy [49], respectively. The surrounding medium
of the Si NS was assumed to be air with a refractive index
of n = 1.0. Amesh size of 3 nmwas used in the illuminated
region, and perfectly matched layers were employed at the
boundary to terminate the finite simulation region.

Results and Discussion
In Fig. 1a, we show the electric field distribution cal-
culated for a focused AP beam at the focal plane. It is
noticed that the AP beam possesses a rotational symme-
try with zero electric field at the focal point (or along
the axis). The electric field of the AP beam matches
well with that of the Si NS at the MD resonance. In
Fig. 1b, d, we present the scattering spectra calculated
for the Si NS suspended in air and that placed on a
PEC substrate, respectively. In both cases, it is remarkable
that only the MD and magnetic quadrupole (MQ) reso-
nances are excited, and all the electric resonances are sup-
pressed, which is in agreement with the previous findings
[38–42]. This behavior can be explained explicitly by
using the multipole theory for tightly focused AP beam
[42, 50]. If we compare the scattering spectra shown in
Fig. 1b, d, it is found that the introduction of the PEC sub-
strate leads to a dramatic narrowing of the MD resonance
(from ∼ 53 to ∼ 20 nm). As a result, the quality factor
of the MD resonance is enhanced by a factor of ∼ 2.5
(from ∼ 14.62 to ∼ 37.25).
In order to gain a deep insight into the modification of

the scattering spectrum induced by the metal substrate,
we decomposed the total scattering of the Si NSs into the
contributions of various magnetic modes in a Cartesian
coordinate [16, 25]. The polarization induced by the inci-
dent light is P=ε0

(
εp − εd

)
E, where ε0, εp, and εd are the

vacuum dielectric constant, relative dielectric permittiv-
ity of the Si NS, and relative dielectric permittivity of the
surrounding medium, respectively, and E is the total elec-
tric field inside the Si NS. The time dependence of the
incident light is assumed as exp (−iωt) with ω the angular
frequency. Themultipoles are defined in a Cartesian coor-
dinate with the origin located at the center of the Si NS,
and multipole moments can be obtained by the integra-
tion of the induced polarization currents over the volume
of the Si NS. Thus, the MDmoment andMQ tensor of the
Si NS are described as:
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Fig. 1 a The electric field distribution of a focused AP beam at the focal point. b The scattering spectrum of the Si NS suspended in air. The line
width of the MD resonance is 53 nm. c The Si NS with R = 100 nm placed on a metal substrate. d The scattering spectrum of the Si NS placed on a
PEC substrate
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where V is the volume of the Si NS, and r′ is the radius
vector of a volume element inside the Si NS.
The scattering cross sections of the MD and MQ can be

expressed as follows [25]:

σM = k40εdμ0

6πε0|Einc|2
|M|2, (3)

σMQ = k60ε
2
dμ0

80πε0|Einc|2
∣
∣MQαβ

∣
∣2, (4)

where μ0 is the vacuum permeability, and the indexes
α,β = x, y, z.
In Fig. 2, we compare themultipole decompositions per-

formed for the Si NS without and with the PEC substrate.
In both cases, it can be seen that the total scattering is
composed of only the contributions from MD and MQ
modes. In addition, it is found that the narrowing of line
width appears only in the MD resonance. In Fig. 2c, d, we
present the electric andmagnetic field distributions calcu-

lated for the two Si NSs at theMD resonances. It is noticed
that the MD excited in the Si NS oriented in the +z direc-
tion in both cases. In addition, a significant enhancement
is observed in the electric and magnetic fields of the Si NS
in the presence of the PEC substrate.

Image Theory of the Out of PlaneMD
The narrowing of theMD line width can be understood by
using the image theory and the approach based on Green’s
function [27, 30]. We consider a MD located at the posi-
tion r0 = [

x0, y0, z0
]
and the interface between air and the

PEC substrate in the x− y plane with z = 0. The magnetic
moment is given by:

m = α̂mH0, (5)

where α̂m = αh
1−αhGM

is the polarizability determined by
the z component of the dyadic Green’s functions for the
PEC substrate GM = 2ik0z0−1

16πz30
[30], and the polarizabil-

ity of the Si NS is αh = 6iπb1/k30 , b1 and k0 are the Mie
coefficient and vacuum wavenumber, respectively.
The magnetic field at the center of the MD is given by:

H0 = [0, 0, cos (k0z0)].
The extinction cross section of the MD can be written

as [27]:
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Fig. 2Multipole decomposition of the total scattering of the Si NS with R = 100 nm suspended in air (a), placed on a PEC substrate (b), and
illuminated by a focused AP beam. The corresponding electric and magnetic field distributions calculated at the MD resonances [775 nm in a and
745 nm in b] are presented in c and d, respectively

σm = ω

2Pin
Im

(
mH∗

0
)
, (6)

where Pin denotes the power of the incident light.
Due to the rotational symmetry of the AP beam and the

Si NS, a MD oriented in the +z direction is excited in
the Si NS. Meanwhile, a mirror image oriented in the −z
direction is induced by the PEC substrate, as schematically
shown in Fig. 3a. In this case, the displacement current

is inverted in the mirror image, implying that the MD
and its mirror image are out of phase. Thus, the coher-
ent interaction of these two anti-phase MDs dramatically
reduces the radiative loss, leading to the narrowing of the
MD resonance in the scattering spectrum of the Si NS
[30]. In Fig. 3b, we compare theMD resonances calculated
by using the dyadic Green’s function method without and
with the PEC substrate. In addition to the narrowing of

Fig. 3 a Schematically showing the z component of MD excited in the Si NS and the mirror image induced by the metal substrate and their phase
relationship. b Normalized scattering spectra calculated for the Si NS with R = 100 nm suspended in air and placed on a PEC substrate by using the
dyadic Green’s function method
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the line width, a blue shift of the resonant wavelength as
well as an increase in the scattering intensity (by a factor
of ∼ 3.0) is also observed in the Si NS placed on the PEC
substrate. The theoretical prediction shown in Fig. 3b is
in good agreement with the numerical result shown in
Fig. 1d. Therefore, the line width compression in the mag-
netic dipole resonance of the Si NS placed on the metal
substrate illuminated by an AP beam can be perfectly
explained by the image theory and the approach based on
Green’s function.

Practical Applications
In the above studies, it has been demonstrated theoreti-
cally and numerically that a sharp MD resonance can be
created in the scattering spectrum of a Si NS by using
the combination of a metal substrate and an AP beam.
As some examples, we will show in the following numer-
ical simulation the possible applications of the sharp MD
resonance in nanoscale sensing and color display. For
practical applications, the metal substrate is chosen to
be a 50-nm-thick Au film, which has been used in our
previous study [28]. The physical mechanism for the line
width compression of the magnetic dipole resonance is
the coherent interaction of the magnetic dipole and its
mirror image induced by the metal substrate. Therefore,
the material of the substrate should be metal but it is not
limited to Au film.

Sensor
Previously, it has been demonstrated that intensity shift
sensors based on Si NS dimers possess much higher
sensitivity than wavelength shift sensors based on plas-
monic nanoparticles/nanostructures [51]. In addition, the
sensitivity of the Si NS placed on a metal substrate and
excited by linearly polarized light was also experimentally

studied in our previous work [28]. In our case, the
scattering spectrum dominated by a sharp MD resonance
with a narrow line width is quite suitable for sensing appli-
cations, as demonstrated in the following. The sharp MD
resonance is expected to be sensitive to the surrounding
environment of the Si NS because it is created by the MD
of the Si NS and its mirror image. Any change in the sur-
rounding environment will lead to the modification in the
MD resonance. In order to examine the sensitivity of the
MD resonance, we calculated the evolution of the scatter-
ing spectrum of the Si NS with increasing refractive index
of the surrounding environment, as shown in Fig. 4a. It
is found that a slight change in the surrounding environ-
ment of the Si NS will result in a significant broadening
and obvious red shift of the MD resonance, which can be
seen clearly in Fig. 4b. Since the refractive index sensor
proposed here detects the refractive index change in the
surrounding environment, the ligands on the surface of
the nanoparticle induced in the syhthesis process does not
affect the detection function of the sensor. This feature is
quite useful for sensing small specimens attached on the
Si NS.

Color Display
Recently, it has been successfully demonstrated that color
control can be realized by using dielectric nanopar-
ticles with large refractive indices, which supporting
Mie resonances, instead of lossy plasmonic nanoparti-
cles/nanostructures [52–55]. However, the ED and MD
resonances of a Si NS are simultaneously excited in both
bright- and dark-field illuminations, leading to broadband
scattering light [52]. In a recent study, we have proposed
a novel strategy for realizing color-tuning display with
high spatial resolution and good chromaticity by using
an evanescent wave to selectively excite the ED or MD

a b

Fig. 4 a Evolution of the scattering spectrum of the Si NS placed on the 50-nm-thick Au substrate with increasing refractive index of the
surrounding medium. b Dependence of the line width (upper part) and the peak wavelength (lower part) of the MD resonance on the refractive
index of the surrounding medium
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Fig. 5 a Normalized scattering spectra calculated for Si NSs with different radii placed on a 50-nm-thick Au film. b Color indices derived from the
scattering spectra shown in a

resonance in the scattering spectrum of a Si nanoparti-
cle [55]. Similarly, the sharp MD resonance found in this
work is expected to be useful for color display because of
the narrow line width and the enhanced scattering inten-
sity. A significantly improved chromaticity is anticipated
if the sharp MD resonance is used in color display. More-
over, high spatial resolution can be achieved because the
enhanced scattering intensity enables the use of smaller
pixels for color display. In Fig. 5a, we show the color tun-
ing simply realized by varying the radius of the Si NS. It
can be seen that a MD resonance with narrow line width
can be achieved in all cases. In Fig. 5b, we present the
color indices calculated for all the Si NSs with different
radii. It can be seen that the color indices are distributed
around the RGB triangle, implying the good chormaticity
of the structral color produced by the Si NSs placed on
the Au film. For practical application of color display, an
array of Si nanoparticles instead of a single Si nanoparti-
cle must be used. In this case, the line width of a single
Si nanoparticle remains to be narrow provided that the
coupling between the neighboring nanoparticles is negli-
gible. According to the previous study [56], the coupling
between Si nanoparticles in an array can be neglected
when the separation between the neighboring nanopar-
ticles is larger than 400 nm which is easily satisfied in
practical fabrication.

Conclusion
In summary, we have investigated theoretically and
numerically the dramatic narrowing of the MD resonance
of a Si NS, which is illuminated by using a focused AP
beam, when placing it on a metal substrate. Owing to the
rotational symmetry of the AP beam and the Si NS, only
the multipoles of magnetic type are excited. It is found

that the interference of the MD and its mirror image
induced by the metal substrate is responsible for the dra-
matic narrowing of the line width from ∼ 53 to ∼ 20 nm.
It is shown by numerical simulation that the sharp MD
resonance in the scattering spectrum of the Si NS may
find applications in nanoscale sensing with high sensitivity
and color display with improved chromaticity and spatial
resolution.

Abbreviations
AP: Azimuthally polarized; Au: Gold; ED: Electric dipole; FDTD: Finite-difference
time-domain; MD: Magnetic dipole; MQ: Magnetic quadrupole; NS:
Nanosphere; PEC: Perfect electric conductor; Si: Silicon

Acknowledgements
The authors thank Dr. Lei Xu from the School of Engineering and Information
Technology, University of New South Wales, for the useful discussions.

Funding
This work is financially supported by the National Natural Science Foundation
of China under Grant No. 11674110; Natural Science Foundation of
Guangdong Province, China, under Grant No. 2016A030308010; and Science
and Technology Planning Project of Guangdong Province, China, under Grant
No. 2015B090927006.

Availability of data andmaterials
The datasets supporting the conclusions of this article are included within the
article.

Authors’ contributions
FD and HL did the calculations. FD and SL wrote the manuscript. All authors
read and approved the final manuscript.

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

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Received: 28 July 2018 Accepted: 13 November 2018



Deng et al. Nanoscale Research Letters          (2018) 13:395 Page 7 of 8

References
1. Kuznetsov AI, Miroshnichenko AE, Fu YH, Zhang J, Luk’yanchuk BS (2012).

Magn Light Sci Rep 2:492
2. Evlyukhin AB, Novikov SM, Zywietz U, Eriksen RL, Reinhardt C, Bozhevolnyi

SI, Chichkov BN (2012) Demonstration of magnetic dipole resonances of
dielectric nanospheres in the visible region. Nano Lett 12(7):3749–3755

3. Evlyukhin AB, Reinhardt C, Seidel A, Luk’yanchuk BS, Chichkov BN (2010)
Optical response features of Si-nanoparticle arrays. Phys Rev B
82(4):045404

4. Shi L, Tuzer TU, Fenollosa R, Meseguer F (2012) A new dielectric
metamaterial building block with a strong magnetic response in the
sub-1.5-micrometer region: silicon colloid nanocavities. Adv Mater
24(44):5934–5938

5. Kuznetsov AI, Miroshnichenko AE, Brongersma ML, Kivshar YS,
Luk’yanchuk BS (2016) Optically resonant dielectric nanostructures.
Science 354(6314):2472

6. Geffrin JM, García-Cámara B, Gómez-Medina R, Albella P, Froufe-Pérez LS,
Eyraud C, Litman A, Vaillon R, González F, Nieto-Vesperinas M, Sáenz JJ,
Moreno F (2012) Magnetic and electric coherence in forward- and
back-scattered electromagnetic waves by a single dielectric
subwavelength sphere. Nat Commun 3(6):1171

7. Zywietz U, Evlyukhin AB, Reinhardt C, Chichkov BN (2014) Laser printing
of silicon nanoparticles with resonant optical electric and magnetic
responses. Nat Commun 5:3402

8. Kerker M, Wang DS, Giles CL (1983) Electromagnetic scattering by
magnetic spheres. J Opt Soc Am 73(6):765–767

9. Fu YH, Kuznetsov AI, Miroshnichenko AE, Yu YF, Luk’yanchuk BS (2013)
Directional visible light scattering by silicon nanoparticles. Nat Commun
4(2):1527

10. Person S, Jain M, Lapin Z, Sáenz JJ, Wicks G, Novotny L (2013)
Demonstration of zero optical backscattering from single nanoparticles.
Nano Lett 13(4):1806–1809

11. Wei L, Bhattacharya N, Urbach HP (2017) Adding a spin to Kerker’s
condition: angular tuning of directional scattering with designed
excitation. Opt Lett 42(9):1776–1779

12. Terekhov PD, Baryshnikova KV, Shalin AS, Karabchevsky A, Evlyukhin AB
(2017) Resonant forward scattering of light by high-refractive-index
dielectric nanoparticles with toroidal dipole contribution. Opt Lett
42(4):835–838

13. Krasnok AE, Simovski CR, Belov PA, Kivshar YS (2014) Superdirective
dielectric nanoantennas. Nanoscale 6(13):7354–7361

14. Li JQ, Verellen N, Vercruyss D, Bearda T, Lagae L, Dorpe PV (2016)
All-dielectric antenna wavelength router with bidirectional scattering of
visible light. Nano Lett 16(7):4396–4403

15. Liu W (2015) Ultra-directional super-scattering of homogenous spherical
particles with radial anisotropy. Opt Express 23(11):14734–14743

16. Miroshnichenko AE, Evlyukhin AB, Yu YF, Bakker RM, Chipouline A,
Kuznetsov AI, Luk’yanchuk BS, Chichkov BN, Kivshar YS (2015)
Nonradiating anapole modes in dielectric nanoparticles. Nat Commun
6:8069

17. Liu W, Zhang JF, Miroshnichenko AE (2015) Toroidal dipole-induced
transparency in core-shell nanoparticles. Laser Photon Rev 9(5):564

18. Feng TH, Xu Y, Zhang W, Miroshnichenko AE (2017) Ideal magnetic dipole
scattering. Phys Rev Lett 118(17):173901

19. Tsuchimoto Y, Yano TA, Hayashi T, Hara M (2016) Fano resonant
all-dielectric core/shell nanoparticles with ultrahigh scattering
directionality in the visible region. Opt Express 24(13):14451–14462

20. Albella P, Poyli MA, Schmidt MK, Maier SA, Moreno F, Sáenz JJ, Aizpurua J
(2013) Low-loss electric and magnetic field-enhanced spectroscopy with
subwavelength silicon dimers. J Phys Chem C 117(26):13573–13584

21. Wang H, Liu P, Ke Y, Su YK, Zhang L, Xu NS, Deng SZ, Chen HJ (2015) Janus
magneto-electric nanosphere dimers exhibiting unidirectional visible
light scattering and strong electromagnetic field enhancement. ACS
Nano 9(1):436–448

22. Yan JH, Liu P, Lin ZY, Wang H, Chen HJ, Wang CX, Yang GW (2015)
Directional Fano resonance in a silicon nanosphere dimer. ACS Nano
9(3):2968–2980

23. Miroshnichenko AE, Kivshar YS (2012) Fano resonances in all-dielectric
oligomers. Nano Lett 12(12):6459–6463

24. Hopkins B, Poddubny AN, Miroshnichenko AE, Kivshar YS (2013) Revisiting
the physics of Fano resonances for nanoparticle oligomers. Phys Rev A
88(5):053819

25. Evlyukhin AB, Fischer T, Reinhardt C, Chichkov BN (2016) Optical theorem
and multipole scattering of light by arbitrarily shaped nanoparticles. Phys
Rev B 94(20):205434

26. Xifrépérez E, Shi L, Tuzer U, Fenollosa R, Ramiromanzano F, Quidant R,
Francisco M (2013) Mirror-image-induced magnetic modes. Acs Nano
7(1):664–668

27. Miroshnichenko AE, Evlyukhin AB, Kivshar YS, Chichkov BN (2015)
Substrate-induced resonant magnetoelectric effects for dielectric
nanoparticles. Acs Photonics 2(10):1423–1428

28. Li H, Xu Y, Xiang J, Li XF, Zhang CY, Tie SL, Lan S (2016) Exploiting the
interaction between a semiconductor nanosphere and a thin metal film
for nanoscale plasmonic devices. Nanoscale 8(45):18963–18971

29. Huang ZL, Wang JF, Liu ZH, Xu GZ, Fan YM, Zhong HJ, Cao B, Wang CH,
Xu K (2015) Strong-field-enhanced spectroscopy in silicon nanoparticle
electric and magnetic dipole resonance near a metal surface. J Phys
Chem C 20(2):47–50

30. Sinev I, Iorsh I, Bogdanov A, Permyakov D, Komissarenko F, Mukhin I,
Samusev A, Valuckas V, Kuznetsov AI, Luk’yanchuk BS, Miroshnichenko AE,
Kivshar YS (2016) Polarization control over electric and magnetic dipole
resonances of dielectric nanoparticles on metallic films. Laser Photon Rev
10(5):799

31. Sinev IS, Bogdanov AA, Komissarenko FE, Frizyuk KS, Petrov MI, Mukhin IS,
Makarov SV, Samusev AK, Lavrinenko AV, Iorsh IV (2017) Chirality driven by
magnetic dipole response for demultiplexing of surface waves. Laser
Photon Rev 11(13):1700168

32. Xu L, Rahmani M, Kamali ZK, Lamprianidis A, Ghirardini L, Sautter J,
Camacho-Morales R, Chen HT, Parry M, Staude I, Zhang GQ, Neshev D,
Miroshnichenko AE (2018) Boosting third-harmonic generation by a
mirror-enhanced anapole resonator. Light Sci Appl 7:44

33. Neugebauer M, Bauer T, Banzer P, Leuchs G (2014) Polarization tailored
light driven directional optical nanobeacon. Nano Lett 14(5):2546–2551

34. Roy S, Ushakova K, van den Berg Q, Pereira SF, Urbach HP (2015) Radially
polarized light for detection and nanolocalization of dielectric particles
on a planar substrate. Phys Rev Lett 103903(10)

35. Wei L, Xi Z, Bhattacharya N, Urbach HP (2016) Excitation of the
radiationless anapole mode. Optica 3(8):799

36. Neugebauer M, Wozniak P, Bag A, Leuchs G, Banzer P (2016) Polarization
controlled directional scattering for nanoscopic position sensing. Nat
Commun 7(7):11286

37. Deng F, Liu HF, Panmai MC, Lan S (2018) Sharp bending and power
distribution of a focused radially polarized beam by using silicon
nanoparticle dimers. Opt Express 26(16):20051–20062

38. Wozniak P, Banzer P, Leuchs G (2015) Selective switching of individual
multipole resonances in single dielectric nanoparticle. Laser Photon Rev
9(2):231–240

39. Das T, Iyer PP, DeCrescent RA, Schuller JA (2015) 92. Phys Rev B
24:241110(R)

40. Xi Z, Wei L, Adam AJL, Urbach HP (2016) Broadband active tuning of
unidirectional scattering from nanoantenna using combined radially and
azimuthally polarized beams. Opt Lett 41(1):33–36

41. Das T, Schuller JA (2017) Dark modes and field enhancements in dielectric
dimers illuminated by cylindrical vector beams. Phys Rev B
95(20):201111(R)

42. Lamprianidis AG, Miroshnichenko AE (2018) Excitation of nonradiating
magnetic anapole states with azimuthally polarized vector beams.
Beilstein J Nanotechnol 9(1):1478–1490

43. Feng TH, Xu Y, Liang ZX, Zhang W (2016) All-dielectric hollow nanodisk
for tailoring magnetic dipole emission. Opt Lett 41(21):5011–5014

44. Kasperczyk M, Person S, Ananias D, Carlos LD, Novotny L (2015) Excitation
of magnetic dipole transitions at optical frequencies. Phys Rev Lett
114(16):163903

45. Zhang CY, Xu Y, Liu J, Li JT, Xiang J, Li H, Li JX, Dai QF, Lan S,
Miroshnichenko AE (2018) Lighting up silicon nanoparticles with Mie
resonances. Nat Commun 9:2964

46. A commercial software developed by Lumerical Solutions Inc. (https://
www.lumerical.com) is used for the numerical simulations

47. Mansuripur M (1986) Distribution of light at and near the focus of
high-numerical-aperture objectives. J Opt Soc Am A 3:2086–2093

https://www.lumerical.com
https://www.lumerical.com


Deng et al. Nanoscale Research Letters          (2018) 13:395 Page 8 of 8

48. Palik E, Ghosh G (1998) Handbook of Optical Constants of Solids.
Academic Press, San Diego

49. Johnson PB, Christy RW (1972) Optical constants of the noble metals.
Phys Rev B 6(12):4370–4379

50. Sheppard CJR, Hoang TX, Chen X (2012) Multipole theory for tight
focusing of polarized light, including radially polarized and other special
cases. J Opt Soc Am A 29(1):32–43

51. Yan JH, Liu P, Lin ZY, Yang GW (2016) New type high-index dielectric
nanosensors based on the scattering intensity shift. Nanoscale
8(11):5996–6007

52. Proust J, Bedu F, Gallas B, Ozerov I, Bonod N (2016) All-dielectric colored
metasurfaces with silicon Mie resonators. Acs Nano 10(8):7761–7767

53. Flauraud V, Reyes M, Paniagua-Domłnguez R, Kuznetsov AI, Brugger J
(2017) Silicon nanostructures for bright field full color prints. Acs Photon
4(8):1913–1919

54. Dong Z, Ho J, Yu YF, Fu YH, Paniagua-Dominguez R, Wang S, Kuznetsov AI,
Yang JKW (2017) Printing beyond sRGB color gamut by mimicking silicon
nanostructures in free-space. Nano Lett 17(12):7620–7628

55. Xiang J, Li JT, Zhou ZP, Jiang S, Chen JD, Dai QF, Tie SL, Lan S, Wang XH
(2018) Manipulating the orientations of the electric and magnetic dipoles
induced in silicon nanoparticles for multicolor display. Laser Photon Rev
1800032(5)

56. Xiang J, Li JX, Li H, Zhang CY, Dai QF, Tie SL, Lan S (2016) Polarization
beam splitters, converters and analyzers based on a metasurface
composed of regularly arranged silicon nanospheres with controllable
coupling strength. Opt Express 24(11):11420–11434


	Abstract
	Keywords

	Background
	Numerical Methods
	Results and Discussion
	Image Theory of the Out of Plane MD
	Practical Applications
	Sensor
	Color Display

	Conclusion
	Abbreviations
	Acknowledgements
	Funding
	Availability of data and materials
	Authors' contributions
	Competing interests
	Publisher's Note
	References

