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Ahstract 
We explore Raman microprobe capabilities of visualizing single-wall carbon 
nanotubes (SWCNTs). Although this technique is limited to the micron 
scale, we demon trate that images of individual SWCNTs, bundles, or their 
agglomerates can be generated by mapping Raman active elementary 
excitations. We measured the Raman response from carbon vibrations in 
SWCNTs excited by confocal scanning of a focused laser beam. Carbon 
vibrations reveal key characteristics of SWCNTs such as the nanotube 
diameter distribution (radial breathing modes (RHM). 100-300 cm-1) , the 
presence of defects and functional groups (D-mode, l300-1350 cm-1), 

strain and oxidation states of SWCNTs, as well as the metallic or 
semiconducting character of the tubes encoded in the lineshape of the 
G-modes at 1520- 1600 cm- I . In addition, SWCNTs are highly anisotropic 
scatterers. The Raman response from a SWCNT is maximal for incident 
light polarization parallel to the tube axis and vanishing for perpendicular 
directions. We show that the SWCNT bundle shape or direction can be 
determined. with some limitations, from a set of Raman images taken for 
two orthogonal dilections of the incident light polarization. 

(Some figures in this 3ltiCle are in colour only in the electronic version) 
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Abstract 

We explore Raman microprobe capabilities to visualize single wall carbon nanotubes (SWC T s). 

Although this technique is limited to a micron scale, we demonstrate that images of individual 

SWCNTs, bundles or their agglomerates can be generated by mapping Raman active elementary 

excitations. We measured the Raman response from carbon vibrations in SWCNTs excited by 

confocal scanning of a focused laser beam. Carbon vibrations reveal key characteristics of SWC T s 

as nanotube diameter distribution (radial breathing modes , RBM, 100-300 cm -1), presence of 

defects and functional groups (D-mode, 1300-1350 cm-1) , strain and oxidation states of SWCNTs, 

as well as metallic or semiconducting character of the tubes encoded in the lineshape of the G

modes at 1520-1600 em - 1. In addit ion, SWC Ts are highly anisotropic scatterers. The Raman 

response from a SWCNT is maximal for incident light polarization parallel to the tube axis and 

vanishing for perpendicular directions. We show that t he SWCNT bundle shape or direction can be 

determined, with some limitations , from a set of Raman images taken at two orthogonal directions 

of the incident light polarization. 

PACS numbers: 78.30.Na, 78.67.Ch, 42.30.Va 
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1. INTRODUCTION 

Single wall carbon nanotubes (SWCNTs) have been receiving increased interest for ap

plications exploiting their individual properties. Some of these properties are unique as 

the high aspect ratio (small diameter of ,,-,1 nm and long length of many microns) , high 

thermal and chemical stability, very good heat conduction, and high mechanical strength 

(elastic modulus of <"VI TPa, comparable to that of diamond). [l ] The electronic properties 

of nanotubes depend on the manner in which the graphene sheet is wrapped up to form 

a nanotube (tube diameter and chirality). SWCNTs can be metallic , semiconducting with 

a very small energy gap (a few meV) or semiconducting with a moderate energy gap (few 

tenths of e V). Conductivity measurements on individual SWC Ts have shown rectification 

effects for some nanotubes and ohmic conductance for others. These properties suggest 

that nanotubes could lead to a new generation of nanoscopic electronic devices. [2] A re

producible implementation of SWCNTs in nanoscopic devices requires effective control by 

means of imaging techniques . Although some of the available techniques as Atomic Force 

Microscopy (AFM) are very helpful and cost effective, if compared to electron microscopy 

(EM) and scanning tunneling microscopy (STM), they probe only part of the important 

properties of the carbon nanotubes. In contrast, spectroscopic characteristics of the carbon 

nanotubes reflect most of their physical properties. The nanotube diameter and chirality 

uniquely determine the carbon vibrations (having phononic character) and nanotube elec

tronic structure. Among the spectroscopic techniques only Raman scattering utilizes to full 

extent the peculiar interplay of SWCNTs properties. [3] Raman scattering from phonons in 

SWCNTs is mediated by electrons via electron-phonon coupling thus probing the electronic 

structure as well. One dimensional character of SWCNTs give rise to sharp van Hove sin

gularities (vHS) in the electronic density of states (eDOS), which leads to a strong resonant 

Raman scattering process.[4] As a result, Raman scattering response of SWCNTs depends 

on the tube diameter ,[5, 6] tube axis direction ,[7] chirality, and electronic character of ex

cited nanotubes.[8, 9] The resonant character of Raman scattering increases the scattering 

efficiency to a level that an individual SWC T s can be detected.[IO] The specificity of the 

Raman spectroscopy of SWCNTs suggests that a Raman imaging technique would be a 

highly effective imaging tool. 

In this article we explore the capabilities and limitations of confocal Raman imaging 
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technique to locate nd characterize isolated or agglomerated SWCNTs having submicron 
.t. r---

size. The main ideolog is to couple light that inherently allows micron resolution to excita-

tions that are con ned to individual carbon nanotubes with nanometer size. This coupling 

is realized in Raman scattering process. We show that the Raman imaging of vibrations 

in SWCNTs could compensate, to some extent , the diffraction limited resolution of optical 

microscopy by measuring additional to spatial properties of SWC Ts. The Raman imaging 

technique described herein is akin to the Raman chemical imaging but instead of mapping 

different chemical components in the sample we produce images of different vibrations of 

SWCNTs, which in turn reflect specific nanotube properties. Recently, diffraction limited 

Raman imaging and corresponding AFM images of isolated SWCNTs and thin bundles have 

been reported. [11] The approach in Ref. 11 generates high quality images based on integrated 
~ 

Raman intensity Rver frequency range containing several carbon vibrations. In this case the 

Raman image is more topographic than physically and chemically distinguishable. Further 

increase of the Raman imaging resolution to nanoscale has been achieved by mapping sur

face enhanced Raman scattering (SERS) induced by scanning a sharp metallic tip over the 

carbon nanotubes.[12] SERS, however , is a complex excitation of SWC Ts that involves 

surface plasmons of t he scanning t ip and one needs more investigation on how to relate 

SERS to the spontaneous Raman spectra . Both techniques [11 , 12] require specific modifi

cations of standard Raman spectroscopy systems. Instead, we demonstrate Raman imaging 

in details using a commercial spectrometer that otherwise is used to cover a broad range of 

analytical applications. 

II. RAMAN IMAGING TECHNIQUE: EXPERIMENTAL DETAILS 

In the Raman imaging experiment we scanned SWCNTs deposited on a quartz plate by 

means of a pulsed-laser vaporization technique. Briefly, the deposition setup uses a double

pulse laser oven process for nanotube production. Small quartz flats (6mm in diameter) 

are placed inside the flow tube at different distances from the target. In order to limit 

the nanotube production to individual tubes and small diameter bundles, the laser ablation 

was run for only 0.5 sec while maintaining other normal production conditions (such as 

temperature of 1473 K in argon flow and laser energy density of 1.5 J /cm2). The length 

and diameter distribution of the isolated SWCNTs and small bundles is carried out using 
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an AFM in tapping mode. Some of the areas on these quartz flats that show clear images 

of isolated tubes are marked and are used for the current Raman study. More details of the 

sample preparation are given in Ref.13 

The Raman measurements were performed on a LabRam HR (Jobin Yvon, Horiba), 800 

mm focal length, multichannel spectrometer equipped with a microscope. The spectrometer 

was set up in a line scan imaging configuration that takes full advantage of the two dimen

sional CCD detector having 2000 pixels along the spectral dispersion and 800 pixels along 

the sli t height. A microscope 100 x objective focuses the light beam of a He e (632 .8 nm) 

laser on the sample surface. The laser spot size dl ~ 1.15 j.tm is estimated from the Gaussian 

optics expression dl = 4)..f /,rr D1/ e2, where).. = 0.6328 j.tm, f=1.8 mm (objective 100X) and 

D 1/ e2=1.26 mm is the laser beam diameter. The dl ~ 1.15 j.tm laser spot creates a circular 

image with a diameter of 20 pixels on the CCD. The relation 20 pixels = dl ~ 1.15 j.tm gives 

the scaling factor that allows us to relate distances on the image to those on the sample 

surface. In the line scan imaging regime of Lab Ram HR, an optical canner deflects the 

focused laser beam in a manner that creates a row of laser spots arranged in a line on the 

sample. In Fig. 1 (a) we show an optical microscope image of the sample with " line" focused 

laser beam on the surface. This line is then projected along the entrance slit height of the 

spectrometer (stigmatic type). On the CCD, the line image is projected along the 800 pixels 

direction and recorded at 5 pixels binning, whereas the spectra were dispersed along the 

2000 pixels (12 pixels binning) edge of the CCD. The particular line scan shown in Fig. 1 (a) 

excited the spectral image displayed in Fig. 1 (b). The spectrometer was tuned to cover the 

spectral range of 1350 to 1850 cm -1. Figure 1 (b) shows that the line scan covering ~ 20 j.tm 

(400 pixels) clearly crosses at least five SWC Ts or bundles. Such a 3D image is very infor

mative. It gives the relative position of the SWC Ts on the line scan trace and the spectral 

data for each of the Raman scatterers. The raster scan of the sample surface was achieved 

by moving the microscope table in a direction perpendicular to the line scan at ~ 1 j.tm steps 

thus recording a series of consecutive images as that one shown in Fig. 1 (b). The Raman 

data collected from the scan contains both spatial and spectroscopic information. Firstly, 

we analyze the line scan Raman data. The spatial part of the data corresponds to an optical 

image as the one shown in Fig. 1 (a) divided into cells of size (dt/4) x dl or 5 x 20 pixels 

image on the CCD. Each Raman spectrum in Fig. 1 (b) is generated by a single cell , that 

is, each cell acts as a Raman scatterer. In our experiment every line scan was recorded 

4 



in parallel incident and scattered light polarizations for two orthogonal directions for the 

incident light polarization. 

III. MAPPING CODES FOR SINGLE WALL CARBON NANOTUBES 

The Raman microprobe scanning technique described in the previous section generates a 

cellular grid type of data base, a Raman microprobe map. Each cell on the map determines 

an original pixel on the Raman microprobe image. In order to create an image of the 

scanned area we have to code these cells with colors or levels of grey that correspond to 

certain spectroscopic characteristics. Examples of mapping codes are the integrated Raman 

intensity under certain Raman peaks or the frequency of a given vibration. The latter may 

vary in different parts of the sample due to non-homogeneous stress distribution or chemical 

modification . In this section we list the salient Raman scattering propert ies of SWCNTs 

t hat suggest rich variety of mapping codes . 

The key Raman feature of SWCNTs is the extremely strong Raman scattering rate when 

the incident or scattered photon is in resonance with interband t ransit ions between vHS .[10] 

The resonant Raman effect makes feasible Raman imaging of a single carbon nanotube and 

reveals unique information about both the electronic and vibrational propert ies of SWCNT s. 

Tight-binding calculations provide the simplest approach to the electronic band structure of 

SWC Ts.[14] Quasi 1D character of SWC T tubular structure results in a very large elec

tronic density of states at vHS energy that depends on the tubule diameter dt . Interband 

transitions between vHS in semiconducting SWCNT vary with dt as : Efl = 2,oac- c/dt 

between the first pair of vHs , and E~2 = 2Erl, E f3 = 4Erl for the second and third ones, 

respectively, where ,0 = 2.geV, ac-c = 0.142 nm. The first interband transition for the 

metallic nanotubes is at Eft = 6,oac-c / dt . More precise ab initio calculations give de

viations from these simple expressions only for small diameter « 1 nm) nanotubes.[15] 
(' A---. \ L "V ' 1: He:Fe. comes the first important characteristic of Raman scattering from SWC Ts, namely 

that laser excitation wi~a ~ :~gt~Jv..:~cJ~~ .o1:r a subset of all nanotubes that 

may present in the sample. Nex~ is that"-"optrCartra~sitions between vHS are strongly 

polarized. They can be generated only if the incident light has electric field polarization 

component along the nanotubes axis . It is well established experimentally that Raman in

tensity of SWCNTs measured for parallel incident (1) and scattered (S) light polarizations 
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vary with the angle B between the light polarizations eI ,S and the nanotube axis as cos4 B. [7] 

We briefly survey the origin of carbon vibrations in SWC Ts. There are four basic 

groups of Raman active vibrations in SWC T s t hat reveal distinctive structural and elec

tronic properties. The in-phase vibration of carbon atoms in direction perpendicular to the 

nanotube axis , called the radial breathing mode (RBM), is usually observed between 100 

and 300 cm- I in the Raman spectra. Similarly to the interband transition energy, the RMB 

frequency WRMB is proportional to 1/dt-l 16] The Raman measurements of this mode allow 

determination of the diameter distribution of the subset of SWCNTs that is in resonance 

with the laser excitation.~ ~apping of the RMB modes Raman intensity ~ visualize the 
f\ 

diameter distribution of SWCNTs over the scanned area. In the present work, we do not 

explore t his possibility because of the relatively weak RBM intensity and the time restriction 

imposed over our experiment. The RBM mapping, however , is feasible and could create very 

informative images in particular when multiple laser excitation is used. 

Next important group of carbon vibrations is that of the " disorder induced" , D-band. The 

first-order Raman scattering from materials with translational symmetry as SWCNTs along 

the nanotube axis is restricted to the long wavelength vibrations (with wavevector q ~ 0) 

because of the requirement for the quasi-momentum conservation in the scattering process. 

In graphite, the in-plane "breathing" vibrations of carbon hexagons have wavevectors around 

the K-point in the Brillouin zone and are Raman forbidden . However , disorder in graphite 

facilitates a peculiar double resonant process that makes these vibrations Raman active.[17] 

The Raman feature corresponding to these vibrations is usually called the D-band. This 

band is also observed in "defect" SWCNTs and similarly to the D-band in graphite it is highly 

dispersive: the D-band frequency, WD increases linearly with the laser excitation energy in 

the range 1290 - 1360 cm-I.[3, 18] The Raman scattering from the second harmonic of the 

D-band, the D*-band, is always allowed and needs no disorder to be observed .[19] 

Finally, we describe the properties of the tangential C-C bond stretching vibrations of 

SWCNTs having frequencies in the range 1520 -1600 cm-I .[3] These modes comprise the G

band of SWC Ts, called after the original E292 vibration at 1582 cm-1 in graphite. Usually 

t he G-band JYrofile for SWC Ts nanotube bundles can be deconvoluted into four spectral 

lines at '" 1540, '" 1570, '" 1590, and", 1610 cm-I. The analysis of these lines is complicated 

by the superimposed Raman features of nanotubes with different diameters and chirality that 

are presented in the bundles. evertheless, some important observations have been done 
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under resonance with specific group of nanotubes. For instance, the G-band at resonance 

with semiconducting SWCNTs exhibits a sharp peak at rv 1590 cm- 1 and a weaker sideband 

within 1560 - 1570 cm- 1 . The profile of the G-band of metallic nanotubes is dominated 

by a broad feature rv 1540 cm- 1
, having sometimes apparent asymmetric lineshape, and a 

much sharper peak at rv 1580 cm- l .[8] The 632.8 nm laser line excites ~+o.JI ( ~ 
dt ~ 1.30. [4] Recent extensive Raman study [6] of various isolated SWC Ts has revealed 

that the G-band of a SWCNT is essent ially a doublet with a higher frequency component 

w6 independent of dt and the low frequency component we = w6 - C / dO., with a ~ 1.4 

[20] and C , a constant that depends on the symmetry of the mode and whether the tube is 

semiconducting or metallic. 

In the present work we derive the mapping codes from the spectroscopic characteristics 

of the G-band. This band is t he most informative vibrational group of SWCNTs. The 

frequency component we is tube diameter dependent and it is strongly renormalized in 

the metallic SWC T s featuring a huge broadening. The higher frequency component w6 
gives important information about the charge and stresses on the nanotube. Oxidation of 

SWCNTs leads to upward shift of w6 by 320 cm- 1 per hole, per carbon atom .[21] Reduction, 

as for instance K or Rb doping of SWCNTs, has opposite effect on w6.[22] Compressive axial 

strain of SWCNTs results in increasing of w6 by 15 cm- 1 /%.[23] 

IV. RAMAN IMAGE FORMATION 

In Sections II and III we described the key ingredients of the Raman image formation . 

These are the cellular grid t hat covers the scanned portion of the sample surface with 

associated Raman spectra and t he mapping codes. Firstly, we proceed with the line scan 

shown in Fig. 1 (b). It contains 112 Raman spectra covering the spectral range of the D

band and G-band vibrations of SWCNTs. Two of these spectra are shown in Fig. 2. Each 

spectrum presents the Raman response from a scat terer with size 0.3 x 1.2 p,m2 (see Section 

II) on the sample surface. Next we define the mapping code to be the integrated intensity 

under the Raman peaks . In the simplest approach t his can be accomplished by summation of 

the spectral weight ~elow the curve over certain spectral range. For instance, in the present 

work we use three mapping codes t hat correspond to the integrated Raman intensity of t he 

D-band , We , and w6 bands over the spectral ranges marked by the vertical dash-lines in 
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Fig. 2. Having defined the mapping code as integrated Raman intensity, in the next step we 

plot the variation of the Raman intensity along the line scan. In Fig. 3 we present w~-band 

profile of the line scan shown in Fig. 1 (b). With this step we assign the quanti ty Raman 

intensity to definite spot on the scanned surface. The peaks in Fig. 3 correspond to spots on 

the scan where the laser beam hit SWC Ts or bundles. Note t hat the linewidth of the peaks 

is at best 20 pixels , that is, the spatial resolution is convoluted by the size of t he focused 

laser spot. Finally, the two dimensional (2D) image of the scanned area is as mbled-from 

Raman intensity profiles as the one in Fig. 3 acquired for consequent pos~~~ns of the line 

scan shifted at 1 f..1,m steps in the direction perpendicular to the line image. ih~s created 2D

image is characterized by different degree of seamless ness along and perper4icular to the line 

scan. The cell size along the line scan is submicron, dd 4, whereas i~erpendicular direction 

is dl ~ 1.15 f..1,m. As we showed above the lower than dl pixel size gfves no enhancement of 
J 

t he resolution but improves the image seamlessness. To achieve the similar seamlessness in 

the perpendicular direction we appbed a bibnear interpolation on the original dt/ 4 x dl cell 

based image and transformed~tEo 1 / 4 x dt!4 type ~. This operation fits a bilinear surface 
J ~ 

through existing data points (cells). The value of t he interpolated points is a combination of 

the values of the four closest points .[24] In Fig. 4 we present t he Raman images (dd4 x dd 4 

pixel size) of 12 x 9 f..1,m2 area, covered by SWCNTs for the three mapping codes. We can 

ident ify areas with predominately one type of tubes , semiconducting or metallic, simply by 

comparing w~ and We-band images displayed in Fig. 4. Going back to Fig. 2 we note t hat 
S~l-'V0: 

the Raman spectrum having strong and broad We-band sWa,m.s from a bundle containing 

metallic tubes whereas the other , overall much weaker, spectrum is possibly from an isolated 
) 

semiconducting SWCNT. Qualitatively, areas having stronger w~ than We -band intensity 

are most likely deposited by semiconducting SWC ITs. To support this riteria', we present 

in Fig. 5 the Raman spectra corresponding to the spots 1-5 on the Raman image in Fig. 

4 (b) . The Raman lineshape in Fig. 5-1 clearly indicates a presence of a semiconducting 

SWCNT. The strong overall signal from the spot 4 reveals a relatively thick bundle of mostly 

metallic SWCNTs at that place , an assignment further supported by the obvious softening of 

t he w~ band in Fig. 5-4.[9] The area around the spot 5 ~gal mixed type SWCNT 

bundles but with predominately semiconducting nanot ubes as -e: ealed in Fig. 5-5. Now 
) 

we analyze the D-band image in Fig. 4 (c). The non-vanishing intensity of the D-band --m-

indicat~~~defects on the SWCNTs. Interes tingly, the nanotubes on the area covering the 
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spots 1-3 exhibit no appreciable D-band intensity, whereas the remaining part of the D-band 

image in Fig. 4 (c)~ reproducr4.the images in Figs. 4 (a) and (b). On the other hand , the 

relatively low Raman intensity at spots 1-3 in Fig. 4 (a) and (b) suggests thattorresponding 
f\ 

area is covered mostly by isolated SWCNTs. This leads us to the conclusion t hat during 

the growth process individual SWCNTs got less damaged than nanotubes grown in bundles 

or/and nearest neighboring SWCNTs in the bundle may facilitate the double resonance 

process as well. 

V. LINEARLY POLARIZED IMAGING: IMPROVING RESOLUTION 

In t his section we explore the opportunity to improve the resolution of the SWCNTs 
( 

images by reconstructing the nanotube dimensions, especially the length. The Raman in-

tensity of a SWCNT , measured for parallel incident and scattered light polarizations, varies 
\ ~<IM.. \9 h -

as Is = Iocos4
() W:it~ the angle ~ between t he polarization vectors ~,s and the nanotube 

axis. [7] We can use this relation to construct the image of angle distribution () (x,y) over 

the scanned area! that is, each pixel will be given the value of t he angle between SWC

NTs and t he polarization vectors . In our experiment we recorded polarized Raman spectra 

of the scanned area for two directions of the light polarization: along and perpendicular 

to the line scan. For instance, the images shown in Fig. 4 are derived from the Raman 

spectra taken with €.J,s along the horizontal edge of the image. Let us denote the Raman 

intensity at (x, y) point on the image as h (x, y, ()) = Iocos4
( () ) for eJ,s along the horizon

tal direction. The corresponding expression for ~,s pointing the vert ical direction is then 

Iv(x, y, ()) = Iocos4 (7r / 2 - ()). The angle () can be easily found from these expressions and is 

given by () (x, y) = arctgyiIv(x, y)/h (x, y). ote that one obtains the same result also for 

a tube at angle -() , that is, there is inherent uncertainty to determine the tube direction 

only from the Raman spectra provided t he length of the nanotube is shorter than dl . An

other limitation comes from overlapped SWC Ts having different orientations. To illustrate 

the angle distribution imaging we further analyze the framed area on the Raman image in 

Fig. 4 (a). The image in Fig. 4 (b) that contains the spot 1-3 along with the corresponding 

spectra in Fig. 5 indicate a semiconducting SWC T stretched between spot 1 and 2 with 
) 

length > dl and overlapping metallic and semiconducting nanotubes at spot 3. In Fig. 6 (a) 

and (b) we display the wet images covering the framed area in Fig. 4 (a) for the vert ical 

9 



v4;fV\ ~....,~ 
and horizontal directions of eJ,s, respectively. The Hl:ttdt'intense image t aken fur horizontal 

direction of eJ,s suggests that t he direction of t he SWC Ts is closer to horizontal than to 

vert ical ~ (e < 45°) . The horizontally polarized we image shown in Fig. 4 (b) and the one 

for vertical polarization (not shown here) exhibit similar the to wet images contrast. One way 

to make an image of the angle distribut ion is to plot the iso-angle contours. In Fig. 6 (c) we 

present the SWC Ts angle distribution derived from the images given in Fig. 6 (a) and (b). 

To improve the visualization of t he angle distribut ion in Fig. 6 (c) we decorated the image by 

sketching the possible position of the nanotubes. ote that the orientation of the SWCNT 

on the upper part of the image cannot be determined because of the short nanotube length. 

VI. CONCLUSIONS 

In this work we demonstrate the capabilit ies of the Raman imaging to locate and iden

t ify isolated SWCNT s or bundles deposited on non-metallic surface. Although the spatial 

resolut ion is limited by the size of the point illumination, we reveal more details on some of 

the images using a decorative technique based on the collected spectral data. Extensive fi t 

treatment of the Raman spectra implemented in t he Raman image, though being a tedious 

work , would add such a subtle but important detail as stress/charge state of the SWCNT 

object. 
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FIG . 1: 3D opt ical microscop e image of the line scan laser beam on the sample surface (a) and the 

corresponding Raman image (b) as recorded on t he CCD detector. The line-scan crosses at least 

five SWCNTs/bundles as evidenced by t he R aman spectra in the 1350-1850 cm- i . 

FIG . 2: Typical Raman sp ectra of a SWCNTs bundle containing metallic nanotubes (strong we-
band) and a semiconducting isolated nanotube (strong w~-band). Not e t he difference in the scat

tering intensity. 

FIG. 4 : T wo dimensional R aman images of 13.5 x 8, 5 ;.;,m 2 area on the sample displaying intensity 

distribut ion of (a) w~-band , (b) we-band , and (c) D-band. 

FIG. 5: Raman sp ectra covering t he D- and G-band vibrations at t he spots 1 - 5 in Fig. 5 (b) . The 

spectra display characteristic lineshap es of an isolated SWC T , 1-2, and those of bundles 3-5 wit h 

'-----' di~et propor t ions of metallic to semiconducting nanotubes . 

FIG. 6: P olarized w~ images (a) and (b) recorded for two orthogonal light polarizations denoted 

by the arrows in the figure. The SWC T s' posit ion reconconstruction is given in (c). 

FIG. 3: w~ intensity profile along the line scan. 
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