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Surface enhancement in near-field Raman spectroscopy
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Abstract

The intensity and selection rules of Raman spectra change as a metal surface approaches the
sample.  We study the distance dependence of the new Raman modes with a near-field scanning
optical microscope (NSOM).  The metal-coated NSOM probe provides localized illumination of
a metal surface with good distance control.  Spectra are measured as the probe approaches the
surface, and the changes elucidated with difference spectra.  Comparisons to a theoretical model
for Raman excitation by evanescent light near the probe tip indicate that while the general trends
are well described, the data show oscillations about the model.
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The proximity of sharp metallic structures to a sample has profound effects on the Raman
spectra of that sample.  It leads to surface enhanced Raman spectroscopy (SERS), for example
see [1, 2] and references within, and to differences between far-field and near-field Raman
spectroscopy measured with a near-field optical microscope (NSOM). [3-6]  Two aspects of the
spectra, the selection rules and the mode intensities, are altered by the presence of the metal.  We
concentrate in this paper on the dependence of the intensity of the new modes with distance
between the metal-coated probe and the dielectric surface.  This enhancement originates from the
evanescent light present near the probe tip.  A model describing the fields near such a small
aperture was described by Bethe [7] and later modified by Bouwkamp. [8]  Betzig et al. [9]
measured the fields near an NSOM tip using single fluorescent molecules as detectors, and found
good agreement with this theory.  We show in this paper that the theory can also explain the
general trends of the experimental enhancements in Raman spectroscopy, but that the data show
oscillations about the theoretical curve as the tip approaches the surface.

Near-field scanning optical microscopy (NSOM) [10] provides a unique method to study
the effects of metal in proximity to the sample under Raman scrutiny.  The aluminum-coated
probe, forming the NSOM aperture, can be moved with nanometer accuracy to and from the
surface.  Force feedback of the NSOM is used as an indicator of distance, [11, 12] [13] in
combination with a calibrated piezoelectric scanner.  A cooled (-45° C) CCD camera in the
photon counting mode is used in conjunction with a Jarrel-Ash Czerney-Turner spectrometer for
the Raman signal detection.  An Argon Ion laser operating at 514.5 nm provides the excitation.
In this experiment, the sample is illuminated through a tapered fiber probe, which is mounted
through the center of a 0.5 N.A. aspheric lens.  The backscattered light from the sample is
collected and collimated with this lens.  The light then passes through a holographic notch filter
to remove elastically scattered light before being focused into the spectrometer.  The primary
difficulty encountered in NSOM-Raman is that of low signal levels.  This cannot be countered by
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increased input intensity, as input of more than a few milliwatts of light into the back of the fiber
will destroy the probe tip. [14]  Smaller tip apertures strongly reduce the probe throughput, [15]
and Raman cross sections are relatively small.  Care was taken in the design and thermal
isolation of the microscope so that it would be stable, [16, 17] since low signal levels necessitate
long integration times.

The material studied here is KTiOPO4 (KTP), a nonlinear optical material used for
second harmonic generation.  After a coarse approach to the surface, the probe tip was brought
towards the surface until the force feedback signal indicated contact.  A Raman spectrum and
background were taken for reproducibility verification.  The tip was then pulled back by again
changing the feedback value until the tip was as far from the surface as feedback would allow.
Raman spectra were acquired at approximately 10 minute intervals, averaging in each case for 5
minutes.  Between scans, the feedback level was adjusted until the tip-sample distance was
reduced by the desired amount, between 4 and 12 nm, depending upon the distance from the
surface.  The final scan (in contact once more) was compared with the original to verify that any
observed changes did not originate from damage to the tip.

Since the microscope is well isolated from the environment, the primary cause of drift is
piezoelectric creep.  We therefore fit the change in the feedback position during spectra
acquisition to an exponential decay.  The fit is quite good, and indicates that the piezoelectric
creep decays with a 24 minute time constant.  Thus, the positions of the first few spectra had to
be adjusted to account for the creep.  The correction factors are small for the others, and the
distances the piezoelectric moves between spectra are accurate measures of the probe-sample
distance change between the spectra.  Problems again arise when the probe-sample interaction
becomes strong at very small distances.  Large piezo excursions are observed for small feedback
level changes.  It is likely that the probe is now pushing into the surface and deforming the
surface so that the actual probe sample distance change is small.  Since the probe approaches the
surface at a slight angle, only one corner will touch first, so although the distance variation is
reduced, it is not zero.  In the figures, we arbitrarily set the distance values for the final two
spectra, closest to the surface, as 0 and 1 nm, to avoid unnecessarily skewing the distance scale

due to this effect.

One of these final spectra, after
subtraction of the CCD background, is
shown in Figure 1.  The general shape is
typical of all the spectra in the series.  This
region of the Raman spectrum contains
vibrations primarily from TiO6 stretching
modes in the KTP.  The largest peak,
centered at 778 cm-1, has a width at half-
height of 18 cm-1.  This is likely the strong
totally symmetric A1 vibration mode, which
has been observed before in both near- and
far-field measurements. [4-6, 18, 19]  The
next-largest peak, centered at 706 cm-1, has
a width at half-height of 19 cm-1.  This
could be the 699 cm-1 B1, the 701 cm-1 B2,
or the 695 cm-1 A2 vibration.  This peak is
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Figure 1: A NSOM-Raman spectrum taken with
the probe nearly in contact with the surface.  A
background 'dark' spectrum for the CCD has been
subtracted.  The integration time for this spectrum
was 5 minutes.
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strong even when the probe is retracted
from the surface, which precludes
vibrations of the antisymmetric B1 and B2
symmetry, so it is most likely the A2
mode.  A smaller shoulder is observed at
an energy slightly higher than the largest
peak, ~810-812 cm-1.  We have not found
a reference to a line at an energy this high.
This and the smaller 640 cm-1 line do not
have sufficient signal in the comparative
spectra to overcome the noise, so we
ignore them.

The changes observed as the probe
approaches the surface are rather small, so
we resort to comparative spectra.  Several
spectra taken far from the surface were
averaged, to improve signal-to-noise, and
subtracted from single spectrum acquired
closer to the surface.  The results are
shown in Figure 2.  The two existing
peaks do not grow as the probe approaches
the surface.  They should not, since the
lateral fields are not significantly
enhanced near the probe.  New peaks arise
in the comparative spectra, at higher
energies than their far-field counterparts.  In particular, the bigger peak centered at 787 cm-1 has
a width at half-height of 18 cm-1.  The smaller peak centered at 712 cm-1 has a width at half-
height of ~20 cm-1.  This big peak can be attributed to the B1 peak at 783 cm-1 reported
previously. [19]  The B1 symmetry requires a polarization component in the z-direction, normal
to the surface.  An electric field in the z direction exists near the metal probe tip so that the metal
boundary conditions are satisfied, but does not exist away from the probe.  Thus the B1 vibration
cross section should be enhanced according to the local strength of the z-polarized electric field,
and should not be observed in the NSOM far-field.

A quantitative comparison with the Bethe-Bouwkamp theory is shown in figure 3.  The
points with error bars result from integrating the area under the large or the small peaks and
subtracting the average background calculated from regions on either side of each peak.  The two
integrals are plotted on different scales so a comparison of the variations can be made.  The
theory line, solid, is the integral at a constant z value of the squared, numerically calculated
electric field in the z-direction.  It assumes an aperture size of 200 nm, and has been multiplied
by an arbitrary scale factor.  The aperture size chosen is not critical, as a change to the aperture
size can be counteracted by an adjustment of the scale factor.  The general trend of the data is
captured well by the model, although the data show oscillations, which will be discussed later.

The explanation of the smaller, 712 cm-1, peak is not as straightforward, since there are
no Raman lines previously observed that are strong enough, even considering alternative
polarization states.  Most studies have not reported any line at this energy, although Kugel et al.
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Figure 2: Several difference spectra generated by
subtracting an average of several spectra with the
probe far from the surface form a Raman spectrum
at the distance noted below.  The integration time
for all spectra was 5 minutes.  The spectra are
shifted by 20 from each other for clarity.  From the
top to the bottom: (a) in contact, (b) close to contact
(this is the difference spectrum corresponding to the
spectrum shown in Figure 2), (c) 47 nm further than
(b), (d) 70 nm from (b), (e) 108 nm, (f) 127 nm.
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[18] have reported an extremely weak peak in the B1 geometry at 716 cm-1.  Such a line would
have the same symmetry as that in the discussion above, although the above 783 cm-1 line is
found in many studies and is reported as 'strong,' a criterion common to many of the lines
observed in the signal-starved NSOM-Raman.  A fairly strong peak at 716 cm-1 has previously
been observed in NSOM-Raman with the probe close to the surface, [3, 4] but no distance
dependent measurements were made.  This peak can be explained [20] by the coupling through
the electric field gradient to the strong IR absorption line at 712 cm-1. [21]  The selection rules
for the gradient field Raman (GFR) are similar to those for IR absorption and signal levels in the
near field are predicted to be similar to Raman intensities, so this effect would provide a strong
peak at the correct energy.  The electric field gradient is strong near the metal surface, i.e. near
the probe, and decreases away from the metal.  Therefore it should follow the same trends as the
data.  We used the Bethe-Bouwkamp model to calculate the integral of the z-component of the
electric field, Ez, times the derivative of Ez with respect to z, dEz/dz.  This is the factor in GFR
that takes the place of E2 in spontaneous Raman spectroscopy.  It is shown after scaling as a
dotted line in Figure 3.  The similarity between the two scaled theory lines results from the
nearly-exponential decay of the evanescent z-polarized light with distance from the metal.

The data in figure 3 do not fall upon a smooth line, but rather show oscillations about the
smooth line that are large compared to
the error.  The agreement between the
data from the two peaks supports the
common origin of this phenomenon.
One of the oscillations causes the data
from the big peak to drop below zero --
the value of that peak integral actually
decreased as the probe approached the
surface.  This is not an artifact due to the
background estimate.  An examination of
the difference spectra that is second from
the bottom in Figure 2 shows a clear dip
rather than a peak at the same energy as
the big peak.  The magnitude of the
oscillations is not very clean, although
one can identify a ~20 nm period
component at larger distances, which
lengthens as the probe approaches the
surface.  The origin of these oscillations
remains unknown.  The length scale is
too long for a description in terms of
Fermi oscillations.  The length scale is
too short for optical interference or
diffraction mechanisms.  We are not
operating near any plasma resonances of
Aluminum.  If the substrate were a metal,
waveguide mode cut-off effects could be
important in the reflection geometry, but
the dielectric substrate should not form a
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Figure 3: The integral of the peaks in Figure 2 as a
function of probe-sample distance is shown with
error bars.  The two are plotted on different scales so
that the dependence on distance can be compared.
Several values are averaged on either side of the peak
to calculate the background, which is subtracted.
The solid line results from a numerical calculation of
the electric field in the direction normal to the
surface squared.  The field squared is integrated over
the plane at each distance, and the result scaled to
approximately match the data.  The electric field
times its gradient calculated with the same model is
also shown.
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strong waveguide with the tip.

In addition to the oscillations, the measured peak integral data fall below the model when
the probe nears the surface.  As noted above, it is likely that the probe may be contacting and
deflecting the surface, thus reducing the distance change.  We have no way to measure this
phenomenon, but it would cause a shift in those points to the left, as is apparently the case for the
last few points.  This pressure on the surface is most obvious in the spectrum closest to the
surface, the top-most spectrum in Figure 2.  The big peak is much bigger than would be expected
by an extrapolation of the other data (its integral is 2373), and the small peak integral is negative
(-283) again not what would be expected from extrapolation in Figure 3.

In summary, we have measured the changes in Raman spectra intensity as a metal probe
approaches a surface.  General trends are described well by a simple model for the electric fields
near a metal-coated NSOM probe.  Two different vibration modes are tracked, and show similar
dependence on probe-sample distance.  Oscillations of the data about the model are found, but
remain unexplained.
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