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Abstract— In this work we investigate in terms of Cartesian multipoles the Kerker-type effect
in high-index dielectric nanoparticles for which the third order multipoles give a considerable
contribution to the light scattering process. We show that the Kerker-type effect can be associated
with the resonant excitation of toroidal dipole moment (third order multipole) and, namely,
with the interference of the scattered waves generated by electric, magnetic and toroidal dipole
moments of high-index dielectric nanoparticles. From our theoretical results reveal, that the
interplay between these moments with dominating contribution of toroidal dipole moment can
provide strong suppression of the backward light scattering and, simultaneously, resonant forward
light scattering.

1. INTRODUCTION

Resonant optical responses in high-index nanostructures attract noticeable attention because of
their practical applications [1-3]. Recently such resonances were experimentally demonstrated for
silicon nanospheres [1,4]. Dielectric nanoparticles with optical resonant responses are promising
building blocks for metasurfaces, which can provide effective ways to manipulate the light [2,5].
Spectral positions of multipole resonances of dielectric nanoparticles are determined by their size
and aspect ratio (height to base edge of parallelepiped) [6,7]. This opportunity can be used for
the realization of the spectral overlap of electric and magnetic dipole resonances resulting in strong
suppression of the backward light scattering due to the Kerker effect [8], when the electric and
magnetic dipole magnitudes and phases are equal to each other. Directional scattering is very
advantageous for nanophotonics and photovoltaics applications, for instance nanoantennas [9-11],
lensing [12], nonlinearities [13], emission [14] and metasurfaces [15]. The resonant Kerker-type
effect was demonstrated for silicon nanoparticles with low aspect ratio (height to diameter) in [16].
Dielectric Huygens’ surfaces based on such nanoparticles were created and investigated [17]. We
have demonstrated resonant forward scattering of light with toroidal dipole contributions for silicon
nanocylinders with large aspect ratio in [18]. Here we expand this work to show in detail similar
effect for silicon nanoparallelepipeds with large aspect ratio. In contradiction to recently researched
destructive interference between toroidal and electric dipole moment ( “anapole”-mode) [19, 20], here
we consider so-called “super-dipole” interference regime.

2. SYSTEM AND METHODS

We consider plane wave scattering by silicon nanoparallelepipeds with different aspect ratios (Fig. 1).
Base edges of the particles are fixed and equal to 100 nm. Dielectric permittivity of silicon is taken
from [21].

Our theoretical approach is based on the multipole decomposition method presented in [22].
Concisely, regular electric dipole moment of a scatterer is calculated as

p= /P (r') dr’, (1)

where P(r') is the polarization induced in the scatterer by incident light wave, r’ is the radius-vector
of a volume element inside the scatterer. The toroidal dipole moment, having the same radiation
pattern, is determined as:

T=1 / {2r”P () - (/- P (') '} . 2)
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Figure 1: Parallelepipedal particle, irradiated by a plane wave, which propagates along the particle’s axis.
k is the wave vector, E is the electric field, H is the maghetic field, D, and H are the base edge and the
height of the parallelepiped respectively.

The expressions for the other multipole moments can be found in [22]. When considering multipole
moments up to the electric octupole moment, the scattering cross-section can be presented as:
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where kg is the free-space wave number; ¢ is the vacuum permittivity; g4 is the relative dielectric
permittivity of a surrounding medium (here we consider 4 = 1); po is the vacuum magnetic per-
meability; ¢ is the light speed in the vacuum; E;,. is the electric field amplitude of the incident
light wave; m is the magnetic dipole moment (MD) of a particle; a term p + iko—de including
the interference of electric dipole (ED) and toroidal dipole (TD) moments can be treated as total
electric dipole moment (TED); @, M and O are the electric quadrupole moment tensor (EQ), the
magnetic quadrupole moment tensor (MQ) and the tensor of electric octupole moment (OCT) in
irreducible representations, respectively. Note that these tensors are symmetric and traceless [22].
Total scattering cross-section is obtained through the integration of the Poynting vector over a
closed surface in the far-field zone and the normalization to the incident field intensity [22]. Total
electric fields and corresponding induced polarization in scatterers are calculated numerically us-
ing COMSOL Multiphysics. Using the calculated polarization, the multipole moments and their
contributions into scattering cross-sections are obtained by a numerical integration.

Previously, Kerker-type effect was considered without the investigation of TD moment contribu-
tion [16, 23]. Here we note that in nanoparallelepipeds with signficant TD contribution Kerker-type
effect can be modulated by the toroidal dipole far-field radiation which is similar to the electric
dipole one. Multipole analysis based on the Eq. (3) clarifies that scattering resonance peak at the
wavelength of 587 nm corresponds to the overlap of the resonant contributions of several different
multipoles (Fig. 2). This spectrum area combines the total electric dipole TED, the magnetic dipole
MD, and the magnetic quadrupole M(Q resonant contributions. It is important to note that the basic
contributions into this resonant peak of the nanoparallelepiped with high aspect ratio (H = 300 nm,
Fig. 2) come from the total electric and magnetic dipole moments. This is achieved because the
TD contribution into the TED moment raises with the increasing of nanoparticle height. As it is
shown in [18], TED contribution to the scattering cross-section is negligible for the particles with
aspect ratio &~ 1. Another fact to note is the much smaller resonant MQ contribution with respect
to the contribution of resonant TED and MD. This is substantial for the realization of a resonant
Kerker-type effect in large-aspect-ratio nanoparticles due to the TED and MD resonances overlap.

For the illustration of the backscattering attenuation in Fig. 3 we show two different radiation
patterns for the nanoparallelepiped with height H = 300nm and base edge D, = 100nm. The
forward scattering corresponds to the angle 90 degrees in Fig. 3, and the backward scattering
corresponds to the angle 270 degrees in Fig. 3. In the Fig. 3(a) we present a radiation pattern for
the spectrum point corresponding to the scattering maximum wavelength (A = 587 nm). Here one
can observe strong backscattering attenuation. As it is shown with black dashed line in Fig. 2,
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Figure 2: Multipole contributions to the scattering cross-section spectrum for parallelepipedal nanoparticle,
height H = 300 nm. Hereinafter the values are normalized to geometric cross-section of the parallelepiped.
Black dashed line corresponds to the wavelength of total backscattering suppression (see text below).

at the wavelength A = 571 nm magnitudes of MD and TED contributions to the scattering cross-
sections are equal to each over. Together with phase equality [18] such parameters correspond to
the Kerker-type conditions realization. As it shown in Fig. 3(b), the backscattering suppression
here is very strong.
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Figure 3: Scattered field patterns for the silicon parallelepipedal nanoparticle with H = 300 nm, calculated
at the wavelength (a) 587 nm, (b) 571 nm. The different colors correspond to the scattered field patterns cal-
culated in the mutually perpendicular planes. The angle of 90° (270°) corresponds to the forward (backward)
direction.

3. CONCLUSION

In conclusion, in this work using the multipole decomposition method we have shown, that a
constructive interference between toroidal and electric dipole moments of the parallelepiped can be
realized in the optical frequency range. Total electric dipole moment with dominant contribution of
the toroidal dipole is resonantly excited in such nanoparallelepipeds with large aspect ratio and so-
called super-dipole mode can exist. We found that, due to the interference between electromagnetic
fields generated by the total electric dipole and magnetic dipole moments of the nanoparallelepipeds
with relatively high aspect ratio, the backward scattering suppression effect can be realized.

REFERENCES

1. Kuznetsov, A. 1., A. E. Miroshnichenko, Y. H. Fu, J. B. Zhang, and B. Luk’yanchuk, “Magnetic
light,” Scientific Reports, Vol. 2, No. 492, 2012.

2. Jahani, S. and Z. Jacob, “All-dielectric metamaterials,” Nature Nanotechnology, Vol. 11, No. 1,
23-36, 2016.

3. Baryshnikova, K. V., A. B. Evlyukhin, and A. S. Shalin, “Magnetic hot-spots in hollow silicon
cylinders,” Journal of Physics: Conference Series, Vol. 741, 012156, IOP Publishing, 2016.

4. Evlyukhin, A. B., S. M. Novikov, U. Zywietz, R. L. Eriksen, C. Reinhardt, S. I. Bozhevolnyi,
and B. N. Chichkov, “Demonstration of magnetic dipole resonances of dielectric nanospheres
in the visible region,” Nano Letters, Vol. 12, No. 7, 3749-3755, 2012.

2327



2017 Progress In Electromagnetics Research Symposium — Spring (PIERS), St Petersburg, Russia, 22-25 May

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

. Kuznetsov, A. I., A. E. Miroshnichenko, M. L. Brongersma, Y. S. Kivshar, and B. Lukyanchuk,

“Optically resonant dielectric nanostructures,” Science, Vol. 354, No. 6314, 2472, 2016.

. Evlyukhin, A. B., C. Reinhardt, and B. N. Chichkov, “Multipole light scattering by nonspher-

ical nanoparticles in the discrete dipole approximation,” Physical Review B, Vol. 84, No. 23,
235429, 2011.
Markovich, D., K. Baryshnikova, A. Shalin, A. Samusev, A. Krasnok, P. Belov, and
P. Ginzburg, “Enhancement of artificial magnetism via resonant bianisotropy,” Scientific Re-
ports, 6, 2016.

. Kerker, M., D.-S. Wang, and C. L. Giles, “Electromagnetic scattering by magnetic spheres,”

JOSA, Vol. 73, No. 6, 765767, 1983.

. Novotny, L. and N. Van Hulst, “Antennas for light,” Nature Photonics, Vol. 5, No. 2, 83-90,

2011.

Krasnok, A. E., C. R. Simovski, P. A. Belov, and Y. S. Kivshar, “Superdirective dielectric
nanoantennas,” Nanoscale, Vol. 6, No. 13, 7354-7361, 2014.

Karabchevsky, A., A. Mosayyebi, and A. V. Kavokin, “Tuning the chemiluminescence of a
luminol ow using plasmonic nanoparticles,” Light: Science & Applications, Vol. 5, No. 11,
el6164, 2016.

Khorasaninejad, M., W. T. Chen, J. Oh, and F. Capasso, “Superdispersive off-axis meta-lenses
for compact high resolution spectroscopy,” Nano Letters, Vol. 16, No. 6, 3732-3737, 2016.
Shcherbakov, M. R., D. N. Neshev, B. Hopkins, A. S. Shorokhov, I. Staude, E. V. Melik-
Gaykazyan, M. Decker, A. A. Ezhov, A. E. Miroshnichenko, I. Brener, etal., “Enhanced
third-harmonic generation in silicon nanoparticles driven by magnetic response,” Nano Letters,
Vol. 14, No. 11, 6488-6492, 2014.

Rusak, E., I. Staude, M. Decker, J. Sautter, A. E. Miroshnichenko, D. A. Powell, D. N. Neshev,
and Y. S. Kivshar, “Hybrid nanoantennas for directional emission enhancement,” Applied
Physics Letters, Vol. 105, No. 22, 221109, 2014.

Arbabi, A., Y. Horie, M. Bagheri, and A. Faraon, “Dielectric metasurfaces for complete control
of phase and polarization with subwavelength spatial resolution and high transmission,” Nature
Nanotechnology, 2015.

Staude, I., A. E. Miroshnichenko, M. Decker, N. T. Fofang, S. Liu, E. Gonzales, J. Dominguez,
T. S. Luk, D. N. Neshev, 1. Brener, etal., “Tailoring directional scattering through magnetic
and electric resonances in subwavelength silicon nanodisks,” ACS Nano, Vol. 7, No. 9, 7824—
7832, 2013.

Decker, M., 1. Staude, M. Falkner, J. Dominguez, D. N. Neshev, 1. Brener, T. Pertsch, and
Y. S. Kivshar, “High-efficiency dielectric huygens surfaces,” Advanced Optical Materials, Vol. 3,
No. 6, 813-820, 2015.

Terekhov, P. D., K. V. Baryshnikova, A. S. Shalin, A. Karabchevsky, and A. B. Evlyukhin,
“Resonant forward scattering of light by high refractive-index dielectric nanoparticles with
toroidal dipole contribution,” Optics Letters, Vol. 42, No. 4, 835-838, 2017.

Miroshnichenko, A. E., A. B. Evlyukhin, Y. F. Yu, R. M. Bakker, A. Chipouline,
A. 1. Kuznetsov, B. Lukyanchuk, B. N. Chichkov, and Y. S. Kivshar, “Nonradiating anapole
modes in dielectric nanoparticles,” Nature Communications, 6, 2015.

Terekhov, P. D., K. V. Baryshnikova, A. S. Shalin, A. B. Evlyukhin, and I. A. Khromova,
“Nonradiating anapole modes of dielectric particles in terahertz range,” Days on Diffraction
(DD), 406-409, IEEE, 2016.

Palik, E. D., Handbook of Optical Constants of Solids, Vol. 3, Academic Press, 1998.
Evlyukhin, A. B., T. Fischer, C. Reinhardt, and B. N. Chichkov, “Optical theorem and multi-
pole scattering of light by arbitrary shaped nanoparticles,” Physical Review B, Vol. 94, No. 20,
205434, 2016.

Campione, S., L. I. Basilio, L. K. Warne, and M. B. Sinclair, “Tailoring dielectric resonator
geometries for directional scattering and huygens metasurfaces,” Optics Fxpress, Vol. 23, No. 3,
2293-2307, 2015.

2328




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


