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Supporting Figure S1. 3D PSFs of azimuthally polarized light from a fixed dipole emitter at 
various orientations ( 0   ).  As a function of polar angle  , the images collected by an 
azimuthally polarized microscope are remarkably similar in shape.  Using a 2D elliptical Gaussian 
function as a model for the PSF results in no localization error regardless of molecular orientation 
and microscope defocus.  The intensity is plotted in units relative to the intensity of a clear-aperture 
microscope for molecules at identical orientations.  Scale axes/arrows = 200 nm. 
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Supporting Figure S2. Pixelated azimuthally-polarized PSFs and background fluorescence 
effects on the limit of localization precision.  (A) Pixelated standard PSF images of an in-focus 

fixed single-molecule with orientation  45 , 0      .  (B) Same for a microscope with an 

azimuthal polarization filter.  Pixels are 100 nm in size in object space. Scale bar = 200 nm.  
(C) The 2D limit of localization precision, as computed by the Cramér-Rao lower bound (CRLB), 
as a function of dipole orientation for the clear aperture microscope (solid lines) and microscope 
with an azimuthal polarizer (dashed lines) along the direction parallel to the in-plane transition 
dipole moment ( ˆ ˆx y x y , black lines) and the perpendicular direction (red lines).  The effects of 

100-nm pixelation and 5 photons/pixel of fluorescence background are included (Equation (S8)).  
The localization precision of the azimuthal images are 1.7-2.1 times worse than the clear-aperture 
images for 90    (7.8 nm and 5.3 nm in the parallel and perpendicular directions for the 
azimuthal images, 3.7 nm and 3.2 nm for the unpolarized images).  The limit of localization 
precision is also shown for the same pixelation and background conditions as a function of lens 
defocus z  for (D) 45   , (E) 60   , and (F) 90   .  The limit of localization precision for 
the azimuthally polarized microscope gradually worsens as a function of dipole inclination (8.9 nm 
and 6.0 nm for 60    and 10.9 nm and 7.3 nm for 45    in the parallel and perpendicular 
directions, respectively, at 0z  ).  All calculations assume 1000 photons are captured in the clear 
aperture microscope images for all molecular orientations and defocus positions, while the 
azimuthally polarized images have a fewer numbers of detected photons due to a reduced light 
collection efficiency as shown in Figure 2A. 
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Supporting Figure S3. Simulated fitting of pixelated azimuthally-polarized PSFs and 
measurement of localization precision.  Example realizations of single-molecule images with 
Poisson shot noise, 100-nm camera pixelation, 5 photons per pixel of background fluorescence, 
(A) 400 signal photons detected, (B) 1000 signal photons detected, and (C) 2000 signal photons 
detected. Corresponding 2D elliptical Gaussian fits to these images are shown in (D)-(F). Color 
scales are in units of total photons per pixel. Scale bar = 200 nm. (G) Localization precision 
calculated along the direction parallel (black) and perpendicular (red) to the in-plane projection of 
the transition dipole moment. These precisions are measured from the fitting of a 2D elliptical 
Gaussian function to 1000 Poisson shot noise realizations of pixelated azimuthally-polarized PSFs 
with various numbers of detected signal photons. For 600 detected signal photons in the 
azimuthally-polarized microscope, which corresponds to ~1000 detected signal photons from a 
single molecule oriented parallel to the coverslip ( 90   ) in a clear aperture microscope, the 
localization precision is 11 nm parallel and 6.8 nm perpendicular to the direction of the in-plane 
dipole moment. These precisions are 1-4 nm larger than the Cramér-Rao lower bound shown in 
Supporting Fig. S2(F), demonstrating that least-squares fitting of a 2D elliptical Gaussian function 
is a computationally efficient and precise way to measure single-molecule positions from an 
azimuthally-polarized microscope image. 
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Supporting Note 

Mathematical framework for modeling the image formation of single molecules embedded 
in mismatched media 

Here, we modify our expression for the Green’s tensor (Equation 5 in the main text) for the 
presence of an abrupt refractive index change between the immersion media/coverslip and the 
medium in which the molecule is embedded.  This configuration is very common in many forms 
of optical microscopy, especially in the case of imaging biological specimens, when using an 

objective lens with large numerical aperture (typically requiring immersion oil 1 1.518n  ) to 

image single molecules in aqueous media ( 2 1.333n  ).  If the molecule emits light from above 

the interface, the various rays will be refracted by that interface, leading to spherical 

aberration.1, 2  Furthermore, if the molecule is close to the interface (its depth dz  ) and  

2 1n n  , then the evanescent field emitted by the molecule can couple into propagating waves 

through the objective lens. 

The modified Green’s tensor  , ,z
bfp dz  G  is given by3 
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where the constants  1 2 3,,c c c  are defined as 
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The angles 1  and 2  are the polar inclination of rays propagating from the objective lens to the 

sample.  They are related to the radial coordinate   in the back focal plane by 
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Finally,  pt   and  st   are the Fresnel transmission coefficients for P- and S-polarized light, 

respectively, propagating from the objective lens into the sample.  These equations can be 
plugged directly into Equation 6 (main text) to compute the electric field in the back focal plane 
or Equations 8-10 (main text) to compute the image of the single molecule. 
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Details for simulating back focal plane and image plane intensity distributions 

Images of the back focal plane of a standard microscope are calculated by evaluating the field 

intensity 
2xyz

bfpE  from the definition of the Green’s tensor given by 

      1/22
1exp 1 ˆ, , ,xyz x

bfp bfp
yzA in kzz        

E G μ , (S4) 

where definitions of these quantities are given in the main text.  To create a back focal plane 

image of an azimuthally polarized microscope, an additional tensor zP  representing an 
azimuthal polarizer is inserted into the above expression, yielding 

          1/22 1
1ex, , ,1 ˆpbfp

xyz z xyz
bfpAz in kz           

E R P R G μ , (S5) 

where the spatially-varying rotation matrix  R  is utilized to convert between Cartesian and 

cylindrical bases and 
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P . (S6) 

To simulate 3D PSFs of the standard microscope, 
2xyz

imgE  is evaluated using equations (10) in the 

main text and (S4) above for various amounts of defocus z .  Similarly, 3D PSFs of an 
azimuthally polarized microscope can be evaluated using equations (10), (S5), and (S6). 
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Fisher information matrices for estimation of emitter positions in two dimensions (2D) 

The analytical expression for the Fisher information matrix for 2D localization is given by 
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where  , ,q x y z  is the 2D PSF image of an emitter located at position  , ,x y z  scaled by the 

expected number of photons captured by the imaging system such that  
2

, , d dq x y z x y N  

and   represents the 2D position of the emitter.  Note that the Fisher information increases with 

the square of the gradient of the PSF; sharper, more confined PSFs lead to better localization 
precision.  This expression models the Poisson shot noise associated with the detection of 
photons by a camera but neglects the effects of pixelation, detector read noise or excess noise, 
and fluorescence background. 

Incorporating pixelation and fluorescence background effects into the Fisher information matrix 
is relatively straightforward.  Converting the continuous integral over an infinite detector into a 
discrete sum over a finite number of pixels and adding an offset to the signal,4, 5 the modified 
expression is given by 
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where pN  is the number of detector pixels sampling the PSF,  xyz k  is the mean number of 

signal photons detected by the kth pixel from a molecule at position  , ,x y z  relative to the focal 

plane, and  k  is the mean number of background photons detected by the kth pixel. 

  



9 

 

References 

1. Hell, S. W.; Reiner, G.; Cremer, C.; Stelzer, E. H. K. J.  Microsc. 1993, 169, 391-14. 

2. Wiersma, S. H.; Torok, P.; Visser, T. D.; Varga, P. J.  Opt.  Soc.  Am.  A 1997, 14, 1482-1490. 

3. Backer, A. S.; Moerner, W. E. J.  Phys.  Chem.  B 2014, 118, 8313-8329. 

4. Ober, R. J.; Ram, S.; Ward, E. S. Biophys.  J. 2004, 86, 1185-1200. 

5. Ram, S.; Prabhat, P.; Chao, J.; Ward, E. S.; Ober, R. J. Biophys.  J. 2008, 95, 6025-6043. 

  



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /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 /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /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 true
  /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

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  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 /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


