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Abstract: The chiral interaction between transverse optical spin and circularly polarized emitters
provides a novel way to manipulate spin information at the nanoscale. Here, we demonstrate the
valley(spin)-dependent directional emission of transition metal chalcogenides (TMDs) into
plasmonic eigenstates of a silver nanowire. Due to the spin-path locking of the plasmonic
eigenstates, the emission from the two different valleys of TMDs material will couple to the
guided modes propagating in opposite directions. The high valley polarization of TMDs and high
density of the transverse optical spin of the plasmonic wire together offer a novel platform for a
chiral network even at room temperature without any magnetic fields.

OCIS codes: (350.4238) Nanophotonics and photonic crystals; (130.5990) Integrated optics; (230,5440); Polarization
selective devices

In the non-paraxial regime of light, spin and angular momentum cannot be separated but are coupled, the so-
called spin-orbit interaction of light [/]. This realization has sparked a tremendous activity in the optics community
in the last couple of years. One novel consequence of this spin-orbit interaction of light is spin-controlled directional
coupling of light. Evanescent fields or highly confined optical modes in photonic structures, e.g., semiconductor and
metal nanowires or photonic crystal waveguides, have a non-negligible longitudinal component of electric field. As
a result, they are able to exhibit extraordinary transverse spin angular momentum. This unique property provides
potential for unique applications, e.g. a chiral-spin entangled quantum network or a single photon optical diode [2].

Meanwhile, 2-dimensional atomically thin transition metal dichalcogenides (TMDs) have been attracting
enormous attention in the wide fields of research. In particular, TMDs materials are promising optoelectronic
materials due to their outstanding optical properties. They have direct bandgaps consisting of two (energy-
degenerate) valleys at the corners of the Brillouin zone (K, K’), which provide an opportunity to manipulate the
additional degree of freedom, i.e., the valley degree of freedom. Due to the optical selection rule, i.e., angular
momentum conservation, we can control the valley polarization (as well as spin) of TMDs materials using optical
pumping with a circular polarized light [3]. These unique properties make TMDs materials an intriguing platform
for valley and spin physics studies, such as valley-Hall effect, valley-selective circular dichroism, valley magnetic
moment [4].

Here, we demonstrate a new way to control the valley information through local manipulation of light fields at
the nanoscale. We utilized a silver nanowire to provide strong transverse optical spin momentum to TMDs
materials. In plasmonic modes of the silver nanowire, there is an one-to-one relation between the sign of the local
optical spin and the propagation direction of the mode. Thus, if the handedness of the local optical spin and the one
associated with the transition dipole of a valley are the same, the light is emitted in one direction, if they’re opposite,
the emission is in the other direction. As a result, a direct coupling was achieved between valley pseudospins and
optical pathways [5] as illustrated in Fig. 1a.
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Fig. 1. (a) An illustration of a valley-path locking system. (b) Valley-dependent optical selection rule of TMDs. (c) The handedness of the
transverse optical spin depending on the propagation direction. (d) The density of the transverse optical spin near an infinite silver nanowire. (e)
The calculated directionality of circular dipole near an finite silver nanowire.
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In order to understand the optical transverse spin momentum near a silver nanowire, we conducted numerical
modeling using a finite difference eigenmode (FDE) solver. The silver nanowire have a plasmonic guided mode
which consist of strong evanescence fields near the interface between the silver nanowire and the glass substrate on
which the TMDs layers are placed. The strong transverse confinement of the plasmonic modes leads to the
transverse optical spin angular momentum. The longitudinal component of the electric field have a comparable
amplitude and ~+90 degrees of phase difference compare to the transverse component. The sign of this phase
difference depends on the propagation direction of light, that leads optical spin-propagation locking system. We
calculated the local density of the transverse optical spin of the plasmonic mode, using the Stokes parameter

Sy=-2 Im(EXEy*) /(E}+ Eyz) , as shown in Fig 1d. The spin angular momentum has an opposite handedness either

with the opposite side of the y position or with different propagation directions (Fig. 1c).

The emission from one valley in TMDs can be described by a circular dipole radiation due to their valley-
dependent optical selection rules. The circular dipole radiation near a plasmonic nanowire is directly simulated using
three-dimensional finite-difference time-domain (FDTD) method. Figure 1e indicates the directionality of emission
of a left-handed circular dipole as a function of its position on the x-y plane. The sign of the directionality is changed
as across the wire along the y direction that agrees well with stokes parameter in Fig. 1d. In addition, the color of
this contour plot is opposite for a right-handed circular dipole. The existence of the interference patterns along the
wire originates from the finite length of the silver nanowire : the constructive and destructive interferences with
reflected fields from the end of the silver nanowire.

For an experimental demonstration, we used a far-field microscope to examine directional emission of TMDs.
The valley-polarized excitons are locally excited with circularly polarized laser and their directional emissions are
characterized by measuring the wavelength-dependent intensities of the light at the end of the silver nanowire. The
directionality of emission depends both on the valley polarization, the handedness of the excitation laser, and on the
position of an excited exciton in TMDs (Fig. 2a and 2b). In addition, under linear polarization excitation generating
non-polarized valley pseudospin, the exciton emission shows non-directional emission (Fig. 2c). The fitting results
suggest that experimental data is mostly limited by the finite valley polarization of TMDs and finite size of
excitation focal spot and shows a good agreement with the calculated directionality of a circular dipole.

a 0.2

§ b 0.2 ; C 0.2
> 0.1 § i O 2o § O 50.1 ;; I
g : il B | Y oveat| 5 L[2ie0dd 1
NGE L RET S I siaanii s 0108
a 01 ® §§ 0 i L 0 o4
¢ ' LR
4 05 y(:,m) 05 1 4 W5 y(ﬁm) 05 1 05 y(;}m) 05 1

Fig. 2. Measured directionality as a function of excitation position with left (a) and right (b) handed and linearly (c) polarization.

To conclude, valley(spin)-dependent directional coupling to the plasmonic guided mode was investigated
theoretically and experimentally. Due to the high degree of valley polarization of TMDs together with the high
density of transverse optical spin of plasmonic modes, high valley-to-path efficiency was demonstrated at room

temperature. This results paves the way towards a new platform for manipulate a valley pseudospin in integrated
valleytronics devices using nanophotonics structures.

References

[1] K. Bliokh, F. Rodriguez-Fortufio, F. Nori, A. V. Zayats, "Spin-orbit interactions of light". Nat. Photon. 9, 796-808 (2015).

[2] P. Lodahl, S. Mahmoodian, S. Stobbe, A. Rauschenbeutel, P. Schneeweiss, J. Volz, H. Pichler, P. Zoller, "Chiral quantum optics". Nature

541, 473-480 (2017).

[3]1 K. F. Mak, K. He, J. Shan, T. F. Heinz, "Control of valley polarization in monolayer MoS2 by optical helicity". Nat. Nanotechnol. 7, 494-498

(2012).

[4]J. R. Schaibley, H. Yu, G. Clark, P. Rivera, J. S. Ross, K. L. Seyler, W. Yao, X. Xu, "Valleytronics in 2D materials". Nat. Rev. Mat. 1, 16055

(2016).

[5]1S. H. Gong, F. Alpeggiani, B. Sciacca, E. C. Garnett, L. Kuipers, arXiv:1709.00762 (2017)

CLEO 2018 © OSA 2018

Authorized licensed use limited to: TU Delft Library. Downloaded on October 08,2020 at 07:09:19 UTC from IEEE Xplore. Restrictions apply.




<<
  /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


