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M
any intrinsic properties of com-
monly used samples are extre-
mely sensitive to the polarization

of the illumination light. An optical imaging
technique based on polarization-controlled
illumination can therefore be a valuable tool
to study distinct properties of a sample. One
of the most prevailing optical techniques is
Raman spectroscopy, which can also be
used as scanning microscopy for imaging
purposes. If the polarization of the illumina-
tion light in Raman measurements is pre-
cisely controlled, one can selectively excite
different Raman modes that are sensitive
to the illumination polarization. Therefore,
when Raman microscopy is combined
with polarization-controlled illumination, it
is possible to reveal unique characteristics
of samples, such as molecular symmetries,
orientations, and intermolecular interac-
tions. Such polarization-controlled Raman

(p-Raman) microscopy has been used in
the past for crystallography,1,2 polymer
analysis,3 and observation of biological
processes.4 However, due to the diffraction
limit of light, the spatial resolution of this
imaging technique is restricted at best to
about 300 nm in the visible range. Recent
development of nanoscale science and
technology, where a tiny difference in mo-
lecular orientation can be of great impor-
tance, is boosting interest in p-Raman
imaging at higher resolution. With recent
technological advances, the devices are
becoming smaller and smaller, whichmakes
it even more challenging to characterize
these devices at the nanoscale and thereby
control their performances. For example,
thin films of pentacene molecules are often
used to produce organic transistors. Penta-
cene is a tall molecule that should ideally
attach perpendicularly to the substrate to
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ABSTRACT Polarization analysis in tip-enhanced Raman spectros-

copy (TERS) is of tremendous advantage, as it allows one to study

highly directional intrinsic properties of a sample at the nanoscale.

However, neither evaluation nor control of the polarization properties

of near-field light in TERS is as straightforward as in usual far-field

illumination, because of the random metallic nanostructure attached

to the tip apex. In this study, we have developed a method to

successfully analyze the polarization of near-field light in TERS from the

scattering pattern produced by the induced dipole in the metallic tip. Under dipole approximation, we measured the image of the dipole at a plane away from

the focal plane, where the information about the direction of the dipole oscillation was intact. The direction of the dipole oscillation was determined from the

defocused pattern, and then the polarization of near-field light was evaluated from the oscillation direction by calculating the intensity distribution of near-field

light through Green's function. After evaluating the polarization of some fabricated tips, we used those tips to measure TERS images from single-walled carbon

nanotubes and confirmed that the contrast of the TERS image depended on the oscillation direction of the dipole, which were also found in excellent agreement

with the calculated TERS images, verifying that the polarization of the near-field was quantitatively estimated by our technique. Our technique would lead to

better quantitative analysis in TERS imaging with consideration of polarization impact, giving a better understanding of the behavior of nanomaterials.
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make this thin film. However, very often these mol-
ecules randomly tilt within small islands of 10�100 nm
size.2 This variation in molecular tilt can greatly affect
the carrier mobility, and therefore it is very important
to identify the tilt angles. No existing techniques, such
as X-ray scattering or micro-Raman spectroscopy, can
identify such localized variation in molecular orienta-
tion. On the other hand, polarization-controlled tip-
enhanced Raman spectroscopy (p-TERS), which has
a spatial resolution of 10�20 nm and is capable of
sensing the molecular orientation, can produce nanoi-
mages of the sample showing variations of molecular
orientation at the nanoscale. This would be of huge
advantage to improve and control the performances of
organic devices.
As of now, TERS is the only technique that can realize

Raman measurements at extremely high spatial reso-
lution, far beyond the diffraction limit of light.5�12 TERS
utilizes a metallic nanotip that is approached to the
sample in the focus spot of illuminated light. Owing to
the resonant excitation of the localized surface plas-
mon polaritons (LSPPs) at the tip apex, a strongly
enhanced and highly confined light field is created in
close proximity to the tip apex, which provides super-
high spatial resolution in TERS measurement. Several
samples, such as DNA molecules,13 silicon devices,14

single-walled carbon nanotubes (SWNTs),15�19 and
graphene,20,21 have been studied by TERS at high
spatial resolution, and attractive information at the
nanoscale has been reported from these samples.
However, there are no reports so far on polarization-
controlled TERS. The polarization of incident light in
TERS, which is essentially the evanescent light confined
at the tip apex, is not as simple as that in conventional
Raman spectroscopy due to the depolarization effect
inherently produced by themetallic tip.22,23 This can be
qualitatively understood from the scanning electron
microscopy (SEM) image in Figure 1, which shows the
structure of evaporated metal on a commonly used

AFM-based TERS tip. This tip was prepared by evapor-
ating silver on a silicon cantilever used in contact-
mode AFM. The zoomed image in the inset shows
randomly grown silver nanoparticles near as well as
on the apex of the tip. These random nanoparticles
that generate and thus control the behavior of the
confined light are truly random, as no existing fabri-
cation techniques can precisely control the shape,
size, and orientation of these metal structures with
high accuracy. Since all properties of near-field light,
such as polarization, spatial resolution, and enhance-
ment factor, depend on the geometry of the metallic
nanostructure at the apex of the tip, the actual
polarization of near-field light for a commonly used
tip remains ambiguous. The best deal in such a
situation could be to precisely determine the polar-
ization of near-field light for a given tip and then
utilize this information for measuring p-TERS from a
sample. However, there currently exists no experi-
mental method to determine the status of near-field
polarization for a given tip.
The TERS system used in the present study was an

AFM-based system. However, STM-based TERS systems
are also equally popular.12,24 The main difference
between the two systems is the tip. In AFM-based
TERS, we often use a commercially available silicon
cantilever, which is covered with evaporated silver
metal. This forms a thin and rough layer of silver on
the tip with grain size typically varying from 20 to
50 nm. These tips usually have a silver nanoparticle at
the apex, and several similar nanoparticles covering
the entire tip surface (Figure 1). These tips cannot be
geometrically reproduced due to the randomness in
the shapes and sizes of the evaporated nanoparticles.
However, the average plasmonic properties can still be
reproduced. Due to the random nature of the shape
and size of the evaporated silver nanoparticles, parti-
cularly the particle at the apex of the tip, the polariza-
tion of the near-field light generated at the apex is also
random with extreme variations, even when the tips
are fabricated under identical conditions. This gives us
a possibility to have varied polarizations from tip to tip,
which can be readily utilized in p-TERS measurements.
On the other hand, the tips used in STM-based TERS
are made of solid metal, usually gold, and have a very
smooth surface with a sharp apex. These tips are
comparatively easily reproducible, because they have
regular geometry. Due to their smooth surfaces and
regular shapes, the STM-based tips generate near-field
light with stronger z-polarization, which does not
have much variation from tip to tip, when the tips are
produced under identical conditions. We believe that
AFM-based tips are better for p-TERS measurements
with wider variations in near-field polarization, as
compared with the STM-based tips. Nevertheless, it
would still be interesting to compare p-TERS for the
two different configurations.

Figure 1. SEM image of a metallic tip made by evaporating
Ag on a silicon cantilever for AFM. The inset shows random
Ag nanostructures at and around the tip apex.
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In this work, we have developed an experimental
method to precisely evaluate the polarization of the
near-field light confined at the apex of a given metal-
coated TERS tip. This is done with the assistance of
theoretical simulation, which is compared to the ex-
perimental result to estimate the exact polarization at
the tip apex. We assumed that when a metal-coated
tip with a nanoparticle attached to the tip apex, as in
the inset of Figure 1, is illuminated by a resonant light,
only a dipolar plasmon is excited at the tip apex. This
assumption is reasonable because the tip apex (about
30 nm in radius) is small enough compared with the
wavelength of the incident light (488 nm). Here, we
would like to clarify that the tip apex in our experiment
was illuminated under total internal reflection, where
the propagating light is reflected back and only eva-
nescent light exists on the tip side. The decay length of
evanescent light is about 50�60 nm; thus only the
nanoparticle at the tip apex is effectively illuminated. It
is therefore reasonable to consider that only a dipolar
plasmon is excited at the tip apex. In such cases, the
oscillation direction of the dipole at the tip apex
determines the polarization of the near-field light
around the tip apex. One can best evaluate the tip by
measuring its scattering pattern, since this allows one
to distinguish the dipolar plasmon from the other
multipolar plasmons.25,26 The oscillation direction of
the dipole is determined from the asymmetry in the
scattering pattern.27,28 The light emitted from a dipole
in the direction perpendicular to the dipole oscillation
is stronger than the light emitted in the parallel direc-
tion, which provides asymmetry to the scanning pat-
tern. The directional information is, however, lost when
the emitted light is well focused in order to form an
image of the dipole. Nevertheless, one can still find this
information intact at a plane away from the focal plane.
Therefore, a technique known as defocused imaging is
perfect for analyzing the scattering pattern, and it has
been used in the past to investigate the orientations of
fluorescent molecules.29 Here we investigate the oscil-
lation direction of the dipole at the apex of a metallic
tip by using the defocused imaging technique and
analyze the polarization of the near-field light around
the tip apex from this oscillation direction by estimat-
ing the intensity distribution through Green's function.
Some authors in the past have used the back focal

plane imaging technique to measure the dipole orien-
tation in fluorescent molecules,30�32 coupled metal
nanoparticles,33 and carbon nanotube.34 Bymeasuring
near-field photoluminescence from carbon nano-
tubes,34 the authors observed the angular radiation
pattern and argued that the radiative rate enhance-
ment is connected to the directional redistribution of
the emission. Back focal plane imaging has an advan-
tage over defocused imaging when the dipole is in-
plane-oriented.30 Moreover, in back focal imaging, the
emission pattern is directly recorded in the exit pupil of

an optical system, which makes the method less sen-
sitive to phase aberration and independent of knowl-
edge of the amount of defocus.30 On the other hand, in
our experiments, the z-component is dominant in
the dipole due to the high sensitivity of the tip to
z-polarization.35 Moreover, we detect Rayleigh scatter-
ing light from the tip, where speckle noise reduces the
accuracy of the determination of the dipole orientation
by back focal plane imaging. For these reasons, we
believe that the defocused imaging is better for our
present experimental configuration, and hence we
utilized this technique rather than the back focal plane
imaging.

RESULTS AND DISCUSSION

Figure 2 shows a schematic diagram of our experi-
mental setup. Here, we modified the commonly used
TERS microscopy system by incorporating some optics
for defocused imaging. Unlike the fluorescence defo-
cused imaging, where the sample is illuminated by a
defocused light via a defocused objective lens, in our
experiment, the tip apex is illuminated with a tightly
focused light, while the image of the tip dipole is
defocused on the detector, as shown by the area
enclosed in the red dotted line in Figure 2. The benefit
of this setup is that we could obtain a defocused
pattern of the dipole scattering image, while keeping
the laser light focused on the tip apex, which is
necessary for efficient excitation of the near-field light
at the tip apex.

Theoretical Simulation of Defocused Dipole Patterns. In
order to properly understand and evaluate the asym-
metry of the defocused images in our experiments,
we first performed numerical calculations to simulate

Figure 2. Experimental setup for defocused imaging and
TERS measurements. The part used for defocused imaging
is enclosed by the red dotted line. After the aperture
rejected components with NA > 0.64, the beam diameter
in the collimated light path was 4 mm. A defocused image
was obtained by detecting the scattered light through a
lens of focal length 200 mm and CCD1 positioned 3 mm
away from the focal plane.
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defocused image patterns in various possible condi-
tions. The calculation procedure is summarized in the
Methods section. Figure 3 shows such calculated de-
focused image patterns for several dipole orientations.
As one can see from these calculated dipole scattering
images, the intensity distribution in the defocused
pattern changes with the direction of the dipole oscil-
lation. Here, we defined the x�y plane as the sample
plane and the z-axis as the propagation direction of the
incident light (perpendicular to the sample plane). The
direction of the dipole oscillation (represented by
vector D) is described by a tilt angle Θ and a twist
angle Φ. The tilt angle Θ is the angle between the
dipole axis and the z-axis, and the twist angleΦ is the
angle between the x-axis and the in-plane component
of the dipole (Dx þ Dy). When the dipole is in the
z-direction (Θ = 0�), the defocused pattern shows a
doughnut shape with a dark center (Figure 3b). As Θ
increases, the central dark areamoves to the side and a
crescent-shaped dark structure appears at one side of
the outer ring (Figure 3c). We can estimate the dipole

orientation (Θ andΦ) from the size and the position of
this dark crescent. The larger theΘ value is, the smaller
the size of the crescent becomes (Figure 3c f d).
Further, the position of the crescent depends on the
twist angle, and it moves in the direction indicated by
Φ (Figure 3df ef f). We can quantitatively determine
Θ and Φ from the size and the location of the dark
crescent by using an algorithm based on the least-
squares method reported in the literature.36

Experimental Measurements of Defocused Dipole Patterns.
Our defocused image measurement technique clearly
shows unique patterns for different tips. In fact, even
when the tips are prepared under identical experi-
mental conditions, they showed different patterns in
the defocused images, indicating that the polarization
properties varied from tip to tip. In order to understand
this, we selected three different tips prepared under
identical conditions (here we call them Tip1, Tip2, and
Tip3), SEM images of which are shown in Figure 4a�c.
Experimental defocused scattering patterns of the
three tips are shown in Figure 4d�f. The dark crescents
could be observed in the defocused patterns, which
indicates that the dipole excited at the apex of these
metallic tips was tilted and twisted relative to the
z-axis, although the excitation polarization was in the
z-direction (perpendicular to the plane of the sub-
strate) in all the measurements. We calculated the best
fitted values ofΘ andΦ for each tip by comparing the
experimental defocused patterns with the calculated
defocused patterns using the least-squares method.
The best fitted values for the tilt and twist angles were
quantitatively determined to be Θ = 30� and Φ = 45�
for Tip1,Θ = 40� andΦ = 90� for Tip2, andΘ = 50� and
Φ = 120� for Tip3. The error in both Θ and Φ is
estimated to be (5� for all tips. Clearly, the directions
of the dipole oscillations were different for the three
tips even when they were fabricated under identical
experimental conditions, indicating that the polariza-
tion of near-field light is expected to depend on the
tip used in a measurement. This variation in the

Figure 3. (a) Schematic diagram of the spatial coordinate
system at the tip apex and the definition of tilt and twist
angles (Θ,Φ) for the dipole orientation D. (b�f) Calculated
defocused image patterns for various dipole orientations.

Figure 4. SEM images of Tip1 (a), Tip2 (b), and Tip3 (c). Experimental defocused patterns of the scattering light from Tip1 (d),
Tip2 (e), and Tip3 (f). The errors in both Θ and Φ are approximately (5� for all tips.
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polarization properties of the tips was caused by the
randomness of the metallic structure attached to the
tip apex, as one can also see in the SEM images. During
the evaporation of Ag on the tip, the Ag particles grow
at random positions with random sizes and shapes
around the apex of the tip. It is not possible to estimate
the polarization property of the tip just by looking at
these metallic structures from the SEM images, which
suggests that the relationship between the polariza-
tion properties and the metal structures is not straight-
forward. A slight change in the positions and the
shapes of Ag particles attached to the tip apex would
dramatically affect the polarization properties. More-
over, even when we use the same metallic tip, the
orientation of the dipole excited at the apex could
change depending upon the position of the tip apex
inside the tightly focused laser spot, where the excita-
tion polarization is not uniform. This result supports the
reported polarization-dependence of TERS spectra,
where samples were illuminated with light having
varied polarizations.37,38 Further, the dipole orientation
depends on the tilt angle of the cantilever aswell. Since
the direction of the dipole oscillation at the apex of a
tip is not predictable from the fabrication procedure or
from the SEM image of the metallic structure at the tip,
defocused imaging is an indispensable technique to
determine the direction of the dipole oscillation for
each tip used in every measurement. Once the dipole
direction is correctly determined for a given tip, it can
be utilized for the near-field polarization-dependent
studies for various applications.

TERS Experiments. In order to demonstrate that the
polarization of the near-field probe can be correctly

estimated from the direction of the dipole oscillation,
we performed TERSmeasurements on SWNTs by using
the tips that were already evaluated for their dipole
orientation through the defocused imaging technique.
Since the transition moment of the Gþ-band in the
Raman spectrum of SWNTs under resonant conditions
is known to be parallel to the long axis of the SWNT,39

the contrast of a Gþ-band intensity image can be
predicted by the polarization state and the molecular
orientation, which can be easily determined from a
topographic image. Therefore, a SWNT is one of the
most suitable samples for our demonstration. As a
dipole produces strong polarization in the direction
of its oscillation, the SWNTs oriented in the dipole
direction should exhibit strong Gþ-band intensity. We
can therefore confirm the estimated values ofΘ andΦ
for our near-field probe.

Figure 5a�c show TERS images, constructed from
the intensity of the Gþ-band of SWNTs, in the neigh-
boring area takenwith Tips1�3 (Figure 4), respectively.
The sample contained some bundled SWNTs in various
orientations. An AFM topographic image taken from
the same sample area is also shown in Figure 5d. As
estimated from the height in theAFM image, a few tens
of SWNTs were bundled together. Before measuring
TERS images, we confirmed that the defocused pattern
of the dipole was not affected by the presence of the
sample, which indicated that the sample with a few
tens of SWNTs was thin enough compared with the
metallic tip to affect the orientation of the tip dipole.
The white arrows in Figure 5a�c indicate the in-plane
components of the dipoles (Dx þ Dy), represented by
the twist angles Φ, excited at the tip apex. Due to the

Figure 5. (a�c) TERS images of SWNTs taken by Tip1 (a), Tip2 (b), and Tip3 (c). The white arrows in the images show the in-
plane components of the dipole,DxþDy. (d) AFM image at the sample. (e�g) Calculated TERS images in the cases where Tip1
(e), Tip2 (f), and Tip3 (g) were used to observe the SWNTs. (h�j) Line profiles of the experimental (red open circles) and the
calculated (blue solid lines) TERS images along thewhite dotted line shown in the AFM image for Tip1 (h), Tip2 (i), and Tip3 (j).
All scale bars in the images are 200 nm.
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tight focusing of incident light via the high-NA objec-
tive, the incident polarization is usually not uniform
within the focus spot. However, since the position of
the tip is lockedwith respect to the focus spot and only
samples are scanned during imaging, the variation of
incident polarization within the focus spot does not
affect the TERS image.

As expected, the intensity variation in TERS images
of the sample clearly shows that the polarizations
parallel to the dipole orientation are dominantly ex-
cited. One can see that the SWNTs oriented in the
direction parallel to the white arrows have a larger
intensity compared to the SWNTs in the perpendicular
direction. In Figure 5a, the Gþ-band intensity from the
left lower arm of the sample was stronger than that
from the other arm. In contrast, the right arm of the
sample was preferentially excited in Figure 5c, where
the excited dipole was parallel to that arm. Both arms
of the sample were observed with almost the same
intensity in Figure 5b. Moreover, the SWNTs present in
the upper-right area of the AFM image were observed
in Figure 5a and b, but were not observed in Figure 5c,
as it is oriented perpendicular to the dipole in Figure 5c.
One can notice in Figure 5b that the nanotube bundle
seems to show a discontinuity around the center.
This is probably some artifact, which might have been
caused by temporary fluctuation of some experimental
condition. However, since this minor imperfection
does not affect our result and analysis, we ignore it in
further discussions.

In order to have a quantitative evaluation of the
near-field polarization, we present a comparison of
experimental TERS images with the corresponding
calculated TERS images, as shown in Figure 5e�g. We
calculated the TERS images by following two enhance-
mentmechanisms, commonly discussed in the past for
surface-enhanced Raman spectroscopy (SERS).40,41 In
the first mechanism, the sample is illuminated with
strongly confined near-field light generated by the
dipole induced at the apex of a metallic tip. The light
field generated by the dipole was calculated by using
Green's function, as discussed in previous work.42,43 In
the second mechanism, near-field light around the
sample is scattered by the metallic tip, and this is
detected as a TERS signal. In this scatteringmechanism,
near-field light polarized in the direction indicated by
the dipole at the tip apex is preferentially scattered,
because such near-field light induces a strong dipole
oscillation at the tip apex. The intensity of the TERS
signal can thus be calculated from the direction of
the dipole oscillation. As one can see, the calculated
images are very similar to the experimental images,
particularly in terms of the contrast between the arms
of the SWNT sample. To make the similarity between
the experimental and the calculated TERS imagesmore
obvious, Figure 5h�j display the line profiles of the
TERS images along the white dotted line shown in

Figure 5d. For a comparison, the line profile of the AFM
image is also shown in Figure 5k. The line profiles of the
TERS images show that the experimental results, in-
dicated by the red open circles, are in excellent agree-
ment with the calculated results, indicated by the blue
solid line. This confirms that we can precisely analyze
the polarization of near-field light from the direction of
the dipole oscillation. The revealed polarization of
near-field light is utilizable to perform polarization
analysis in TERS and to obtain molecular orientations
and interactions of a sample at the nanoscale.

Far-field Raman imaging with linearly polarized
light usually shows strong contrast for excitations in
two perpendicular polarizations.39,44 However, as we
see from Figure 5a and c, the polarization contrast for
the near-field light in the x�y plane is low. This is
because the dipole oscillating in the z-direction gen-
erates not only z-polarization but also both x- and y-
polarizations, as shown in the inset of Figure 6, where
the electric line represents the polarization of near-
field light. The intensities of the x- and y-polarizations
generated by the dipole in the z-direction, where both
Θ and Φ = 0�, are the same. The dipole at the apex
of the metallic tip always has a certain amount of
z-component, which makes both x- and y-polarization
nonzero. Figure 6 shows the calculated results of
polarization components against the tilt angle Θ,
where we assumed a constant value of the twist angle
Φ = 0�. The black dotted lines marked with Tip1, Tip2,
or Tip3 in Figure 6 indicate theΘ values of the dipoles
for Tip1, Tip2, and Tip3, respectively. The calculation
was performed within a 30 nm� 30 nm square area in
the x�y plane at a distance of 1 nm away from the tip
apex in the z-direction by using Green's function (see
Methods). The polarization contrast in the x�y plane
increases with an increase inΘ, and when the dipole is
perfectly oriented in the x-direction (Θ = 90� and
Φ = 0�), the x- and y-polarization components become
71% and 1%, respectively, although such a dipole
oscillation does not occur in practice due to the tip

Figure 6. Polarization components of near-field light
against the tilt angle Θ of the dipole for the twist angle
Φ = 0�. The inset shows the electric line around a metal
particle generatedby the dipole oscillating in the z-direction.
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structure, which ismore sensitive to z-polarization than
the x- or y-polarizations. Near-field light around the
apex of the metallic tip is not perfectly polarized in a
single direction, and therefore, the polarization beha-
vior in TERS is essentially different from that in con-
ventional polarization Raman spectroscopy.

We would also like to consider the contrast be-
tween z-polarization and the polarization component
in the x�y plane. As seen from the calculated results in
Figure 6, the z-polarization is at least twice as strong as
the polarization component in the x�y plane for the
experimentally observed range of the tilt angleΘ. The
polarization state of near-field light around the apex of
a metallic tip has been theoretically discussed in the
past with a simple model,43 which also suggests that
the polarization of near-field light in the z-direction
should be stronger. The high z-sensitivity of the near-
field polarization is an advantage of TERS and can be
applied to the measurements of samples with linear
molecules, such as the pentacene thin film, where the
molecular orientation on a substrate plays an impor-
tant role in determining the electronic properties of
the sample. The polarization-dependent TERS imaging
would reveal the nanoscale difference in molecular
orientation, which would be of great importance in
future device applications.

CONCLUSION

Wequantitatively evaluated the polarization of near-
field light in TERS by measuring the scattering pattern
produced by a metallic tip using the technique of
defocused imaging, which determines the direction
of the dipole oscillation at the tip apex and therefore

the polarization of near-field light. Our technique
demonstrates a direct method to evaluate the tip
dipole and the near-field polarization of a given tip.
We conclude that investigation of the near-field polar-
ization of individual tips is necessary, because metallic
tips have their own unique polarization properties
even if they are prepared under identical conditions.
The success of our techniquewas confirmed from TERS
images of SWNTs, where near-field polarization depen-
dence was observed as compared with theoretically
calculated images. The SWNTs oriented in the direction
of a dipole oscillation were strongly excited, which
indicated that the tip dipole generated dominant
polarization in its oscillation direction. The experimen-
tally obtained TERS images were successfully repro-
duced from the direction of the dipole oscillation via a
numerical calculation. This ensured the quantitative
performance of our polarization evaluation. We dis-
cussed the polarization contrast of near-field light as
well. The linear polarization entirely in either the x- or
y-direction is not found in TERS because of the high
percentage of the z-polarization component. For this
reason, the evaluation of the dipole oscillation is all the
more necessary to obtain the precise state of the near-
field polarization. Polarization-resolved TERS can be
achieved without the linear polarization by taking into
account the state of the dipole formed at the metallic
tip. The revealed polarization of near-field light pro-
vides not only unique information such as nanoscopic
molecular orientations and intermolecular interactions
of a sample, but also quantitative interpretation of
TERS images, showing the potential of TERS imaging
to contribute to nanoscience in the future.

METHODS

Experimental Setup. An illustration of the optical setup is
shown in Figure 2. The system is based on a transmission-mode
TERS setup described elsewhere.45 We generated radially polar-
ized light (wavelength: 488 nm) for a strong longitudinal field by
using an eight-segmented half-wave plate (Nanophoton Inc.,
Z-pol). The optical components used for defocused imaging are
shown in the area enclosed by the dotted line. The aperture
allows the scattered components in the range NA < 0.64 from
the tip to pass and rejects the reflected components of the
incident light. A defocused image was measured by a charge
coupled device (CCD) camera, CCD1, positioned 3 mm away
from the focus plane. In TERS measurements, Raman scattering
light was directed to a spectrometer, which was then detected
by a liquid-nitrogen-cooled CCD (CCD2).

The TERS measurements shown in Figure 5 were performed
in a 1000 nm� 860 nm area, with 64� 55 pixels. The power of
the incident laser light at the sample was 150 μW, and the
exposure time at each point was 0.4 s. First, a near-field image
was obtained by approaching a metallic tip to the sample, and
then a far-field image was obtained by retracting the tip. A pure
near-field image was constructed by subtracting the far-field
signal from the near-field signal.

The metallic tips were prepared from commercially avail-
able silicon cantilevers used in contact-mode AFM. By following
the procedure described in detail in the literature,46 we oxidized
the tip for 1.5 h and deposited a 60 nm thick silver layer by

vacuum evaporation at a rate of 0.5 Å/s. The radius of the tip
apex in our experiments was about 30�40 nm, as estimated
from the SEM images.

In order to prepare our SWNT samples, we dissolved the
commercially purchased SWNTs in 1,2-dichloroethane through
a 30 min sonication. The solution was left for 1 h to extract the
supernatant. The supernatant was again diluted with the same
solvent and was sonicated for 1 h. The solution was dropped on
a cover glass heated by a hot plate to fix the sample on the
substrate to avoid dragging during the TERS measurements.

Computational Procedures. The defocused image pattern was
calculated from the oscillation direction of a dipoleD(ΘTip,ΦTip),
whereΘTip is the tilt angle andΦTip is the twist angle of the tip
dipole. First, the electric field of the scattering light propagat-
ing in a direction P(θ,j), where θ represents the tilt angle and
j represents the twist angle of the propagation direction,
is described as P(θ,j) � D(ΘTip,ΦTip) � P(θ,j). By using this
formula, the scattering pattern of the dipole before the
objective lens was calculated.Modifying the scattering pattern
with the rotation matrix R(θ,j), we obtained the electric field
pattern after the objective lens. More details of the above
procedures can be found in the literature.27 A defocused
pattern was then calculated from the electric field pattern
after the objective lens by using the Richards and Wolf
vectorial diffraction method.47 In order to keep the calculation
realistic, we assumed that the focal length of the lens used for
defocused imaging was 200 mm, the diameter of the aperture
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was 4 mm, and the image was obtained at a plane 3 mm away
from the focal plane.

The model for the calculation of near-field light is described
below. We assumed that the tip apex was an Ag nanoparticle
with a 30 nm radius. A tip dipole DTip(ΘTip,ΦTip) was placed at
the position r, which was identical to the center of the nano-
particle. We calculated the electric field ELoc(r0) at position r0

within a plane 1 nm away from the surface of the nanoparticles
by using Green's function, G0:

ELoc(r0) ¼ ω2

ε0c2
G�(r, r0) 3DTip(ΘTip ,ΦTip) (1)

Here ω is the light frequency, ε0 is the permittivity of the
vacuum, and c is the speed of light in a vacuum. As mentioned
before, two enhancement mechanisms were considered for
calculating the TERS images. In the first mechanism, SWNTs are
excited by the electric field ELoc(r0) in the vicinity of ametallic tip.
The excited Raman dipole DNT is represented by

DNT ¼ RNTELoc(r0) (2)

where RNT denotes the Raman tensor of the SWNTs. In the
second mechanism, the dipole DNT is amplified by the metallic
tip and creates a dipole D0

Tip. We can calculate the electric field
E0Loc around the SWNTs by substituting DTip into eq 1 with
DNT(ΘNT, ΦNT) where ΘNT is the tilt angle and ΦNT is the twist
angle of the SWNTs. The dipoleD0

Tip excited by the electric field
E0Loc is expressed by

D0
Tip(ΘTip ,ΦTip) ¼ RTip

ω2

ε0c2
G�(r, r0) 3DNT(ΘNT ,ΦNT) (3)

where RTip is the polarizability tensor of the metallic tip. The far-
field light scattered from the dipoleD0

Tip is then detected. Finally,
the detected TERS signal can be calculated from eq 3 by
integrating42 along the nanotube over the area under the tip
apex. The signal collection efficiency must also be taken into
account.48 According to the above procedure, we can calculate
the TERS image if the polarizability tensor of the metallic tip RTip

and the Raman tensor of the SWNTs RNT are known. The polariz-
ability tensor of the metallic tip and the Raman tensor of the
SWNTs were determined from the orientation of the dipole and
those of the molecules (ΘTip(NT), ΦTip(NT)) by using the following
rotation matrix R and the tensor R in the case where the dipole
and the long axes of SWNTs are parallel to the z-direction:

RTip(NT) ¼ R(ΘTip(NT),ΦTip(NT))
TRR(ΘTip(NT),ΦTip(NT)) (4)

R ¼
0 0 0
0 0 0
0 0 A

0
@

1
A

whereA is a constant. The orientation of the tip dipole (ΘTip,ΦTip)
was determined from the defocused pattern. The tilt anglesΘNT

of the SWNTs were defined to be 90� under the assumption that
the SWNTswereparallel to the sample plane, and the twist angles
ΦNT were determined from the shape of the SWNTs observed in
an AFM image.
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