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1. Introduction 
 
 For many years, plasmonic resonances supported by nanoparticles have been investigated in 
different fields of research, spanning optics, microscopy, biology and nanotechnology (see [1] and 
references therein). Although this physical phenomenon has been well understood, various studies 
on resonant nanoparticles and plasmonic materials are being conducted by various groups 
worldwide, due to the novel possibilities that the use of nano-scale metamaterials and plasmonic 
materials may offer.  This includes phenomena such as sub-wavelength imaging [2], sub-diffractive 
propagation [3], optical nano-circuits [4] and metamaterial transparency [5]. Of other exciting 
features of such sub-wavelength resonances, the idea of exciting higher-order resonances in a sub-
wavelength system for the purpose of realizing nanoantennas with higher directivities at infrared 
and optical frequencies has been recently proposed by our group [6].  Here we report our recent 
results on the investigation of near-field vortices in the power-flow distribution in the vicinity of 
plasmonic nanoparticle antennas with higher resonances. These results may provide novel insights 
into the resonance of sub-wavelength particles as nanoantenna arrays, and it may represent a first 
step towards employing these anomalous power vortices for moving or positioning nano-probes and 
nano-antennas for various nanooptical applications. 
 
2. Theoretical Analysis 
 

It is well known that the field distributions near spherical nanoparticles are fully expressed 
by using the Mie theory [7-8]. Following our notation in [9] with an i te ω−  time dependence, for a 
homogenous spherical scatterer of radius a , permittivity ε , and permeability 0μ  (assumed to be 
the same as that of the background medium), the conditions for obtaining resonances of a generic 
azimuthal order n  are given by the following expressions for rTM  and rTE  polarizations: 
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where 0k ω εμ= and 0 0 0k ω ε μ=  are, respectively, the wave numbers inside and outside the 
sphere and the functions nj  and ny  are spherical Bessel functions [10] (their derivatives are taken 
with respect to the argument).  The use of plasmonic materials or metamaterials allows fulfilling the 
conditions for resonance (1) for sub-wavelength particles. For the case at hand, Eq. (1) is simplified 
in the “small-radii” approximation  as the following well known approximate dispersion condition: 
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which is valid only for rTM  resonances. Strict conditions on the possibility of exciting these nano-
resonances in the presence of reasonable losses may be derived (see e.g., [6, 11]). 
The first order resonance ( 1n = ) has been studied by various groups over many years. Here we 
present our theoretical results for the field and power-flow distributions, not limiting our analysis to 
the dipolar resonances, with particular attention to the higher-order resonances.  We study the 
power flow inside and around nano-spheres at resonance with higher order n . As we discussed in 
[6], the excitation of such resonances may provide the possibility of synthesizing higher-directive 
plasmonic nanoantennas at infrared and optical frequencies. This may present a new approach to 
scaling down the antenna size and increasing the frequency of operation into the IR and optical 
domains, with enhanced bandwidth. Here we study how such higher-order resonances may be 
established in a nanoparticle, we explore their power flows around and inside the particles. The 
anomalous power flow and its “nano-vortices” around the particle may also be useful for 
positioning of nano-particles and future design of optical tweezers. 
 
3. Numerical Results 
  
 We have performed full-wave numerical simulations using the Mie theory to evaluate the 
power flow distribution around resonant plasmonic nano-particles illuminated by a plane wave. The 
results we have derived are fairly different from some of those available in the literature even for 
the lower order dipolar resonance, mainly because we have considered the appropriate spherical 
harmonics without utilizing any Taylor series approximation in calculating the interaction among 
the different multi-polar harmonics. As we have shown in details in our theoretical analysis (this 
will be reported in a more extensive upcoming manuscript), at the resonance of these plasmonic 
nanoparticles the near-field distribution is sensitive to the coupling of low-order dominant 
harmonics with higher-order harmonics. 
Fig. 1 reports, as an example, the power-flow inside and around a plasmonic nanoparticle at its 
electric dipole (a) and quadrupole (b) resonance, which happen, respectively, at the frequency for 
which the electric permittivity is 02.223dipε ε= − , 01.533quadε ε= − , consistent with Eq. (1). Both 

results have been obtained for a nanoparticle with 0 0.3k a = . 
From this figure, it is clear how in the dipolar case an anomalous power flow distribution is 
established inside and around the nanoparticle. The power flow of the plane wave, traveling along 
z  with electric field linearly polarized along x , is affected over a cross section that is much larger 
than the physical cross section of the resonant plasmonic particle, as clearly seen in Fig. 1a. 
Moreover, the power flow is dominated by nano-vortices around the particle, which bring back to 
the inside of the particle a portion of the power flow outside of its surface. This is an intrinsic 
peculiarity of these kinds of plasmonic sub-wavelength resonances, which explains the dramatic 
increase in the scattering cross section of the particle, qualitatively consistent with the discussion in 
[12]. 
Figure 1b refers to the higher-order quadrupolar resonance, which, as anticipated in [6], may 
provide the possibility of higher directivity in a nanoantenna setup. It is evident that in this case the 
nanovortices around the particle are even more pronounced and they affect a larger region of space 
around the particle. Singular lines and points that connect E and H planes of polarization arise in 
this higher-order resonant scenario. 
We have applied this technique to take into account particles with small amount of material losses, 
and we have shown that although the material loss can affect some of the features of power flow 
around the particle, the presence of some losses may still allow, under proper conditions, the 
nanovortices to be present around particles close to their resonances. 
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 a)  

b)  
 

Figure 1: Full-wave power flow distribution near and around a homogeneous spherical particle at its 
(a) dipolar and (b) quadrupolar resonance. 

 
These nano-vortex distributions may be appealing in some potential applications such as moving 
and positioning small non-resonant nano-particles that weakly interact with the resonant particles.  
 
4. Conclusions 
  
 In this contribution, we have presented our recent results on the anomalous power-flow 
distribution inside and around nano-particles at their multipolar resonances. We have found that in 
the dipolar resonance (lower order) anomalous power-flow is expected around the surface of the 
particle and inside its volume. These anomalous features are even amplified dramatically at the 
resonance of higher-order modes, which may be applied to higher-directive nano-antenna systems. 
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These results may have interesting applications at optical frequencies, where plasmonic materials 
are naturally available. 
 
References 
 
[1] M. Kerker, “Founding fathers of light scattering and surface-enhanced Raman scattering,” 

Applied Optics, vol. 30, No. 33, pp. 4699-4705, November 1991. 
[2] J. B. Pendry, “Negative refraction makes a perfect lens,” Physical Review Letters, Vol. 85, No. 

18, pp. 3966-3969, 2000. 
[3] M. Quinten, A. Leitner, J. R. Krenn, F. R. Aussenegg, “Electromagnetic energy transport via 

linear chains of silver nanoparticles”, Optics Letters, vol. 23, No. 17, 1331 (1998). 
[4] N. Engheta, A. Salandrino, and A. Alù, “Circuit elements at optical frequencies: nano-inductors, 

nano-capacitors and nano-resistors,” Physical Review Letters, Vol. 95, 095504, August 26, 2005 
[5] A. Alù, and N. Engheta, “Achieving transparency with plasmonic and metamaterial coatings,” 

Physical Review E, Vol. 72, 016623, July 26, 2005 (erratum in Physical Review E, Vol. 73, 
019906, January 24, 2006). 

[6] A. Alù, and N. Engheta, “Enhanced directivity from sub-wavelength infrared/optical nano-
antennas loaded with plasmonic materials or metamaterials,” IEEE Transactions on Antennas and 
Propagation, in press (2007). 

[7] G. Mie, “Considerations on the optics of turbid media, especially colloidal metal sols,” Annalen 
der Physik, vol. 25, 377-442 (1908).  

[8] J. A. Stratton, Electromagnetic Theory, McGraw-Hill Comp., New York and London, 1941. 
[9] A. Alù, and N. Engheta, “Polarizabilities and effective parameters for collections of spherical 

nano-particles formed by pairs of concentric double-negative (DNG), single-negative (SNG) 
and/or double-positive (DPS) metamaterial layers,” Journal of Applied Physics, Vol. 97, 094310, 
May 1, 2005 (erratum in Journal of Applied Physics, Vol. 99, 069901, March 15, 2006). 

[10] M. Abramowitz, and I. A. Stegun, (Eds.). "Spherical Bessel Functions." §10.1 in Handbook of 
Mathematical Functions with Formulas, Graphs, and Mathematical Tables, 9th printing. New 
York: Dover, pp. 437-442, 1972. 

[11] M. I. Tribelskii, “Resonant scattering of light by small particles”, Sov. Phys. JETP, vol. 59, no. 
3, pp. 534-536, March 1984. 

[12] C. F. Bohren, “How can a particle absorb more than the light incident on it?,” American 
Journal of Physics, vol. 51, no. 4, pp. 323-327, April 1983. 

[13] Z. B. Wang, B. S. Lukyanchuk, M. H. Hong, Y. Lin, and T. C. Chong, “Energy flow around a 
small particle investigated by classical Mie theory,” Physical Review B, vol. 70, 035418 (2004). 

[14] M. V. Bashevoy, V. A. Federov, and N. I. Zheludev, “Optical whirlpool on an absorbing 
metallic nanoparticle,” Optics Express, vol. 13, no. 21, pp. 8372-8379, October 17, 2005. 

 

1421



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /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 false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /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 ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. 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 Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




