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Summary

Electric field polarization orientations and gradients in the near-field of near-field
scanning optical microscope (NSOM) probes render nano-Raman fundamentally different
from micro-Raman spectroscopy. Wixkpolarized light incident through an NSOM
aperture, transmitted light hasy andz components allowing nano-Raman investigators
to probe a variety of polarization configurations. In addition, the strong field gradients in
the near-field of an NSOM probe lead to a breakdown of the assumption of micro-Raman
spectroscopy that the field is constant over molecular dimensions. Thus for nano-Raman
spectroscopy with an NSOM, selection rules allow for the detection of active modes with
intensity dependent on the field gradient. These modes can have similar activity as infra-
red (IR) absorption modes. The mechanism can also explain the origin and intensity of
some Raman modes observed in Surface Enhanced Raman Spectroscopy, or SERS.

Introduction

When micro-Raman spectroscopy became a viable technique, there was some question
as to whether there were fundamental differences between it and conventional Raman
spectroscopy (Delhaye & Dhamelincourt, 1975; Rosatad. 1975). As it turned out,
the introduction of a microscope objective in micro-Raman spectroscopy introduced no
fundamental changes in the technique. Thus micro-Raman is now viewed as a
conventional Raman technique simply with enhanced resolution that is bounded by the
far-field diffraction limit.

As near-field techniques have matured, spectral analysis coupled with nanometric
resolution has become a reality (Paesler & Moyer, 1996), and a new question has
emerged: Are there fundamental differences between micro- nand-Raman
spectroscopy? This time the question is answered resoundingly in the affirmative. There
are fundamental differences that lead to new capabilities and new interpretations of
Raman data.



The electric field in the vicinity of an NSOM probe is distinct in three very important
ways from the field of a spot focussed as tightly as possible on a small region of space.
First, in the near-field evanescent fields contribute considerably and intensities are often
much stronger than those that can be obtained in conventional far-field configurations.
In NSOM, the large majority of this enhanced intensity is localized to a region directly in
front of the aperture. Since this region is normally obscured from the collection optics in
reflection-mode nano-Raman configurations, this difference is of little consequence.
Second, fox-polarized light passing towards the NSOM probe, light withy-and z-
components will be present in a small sample volume near the output of the probe. This
allows for excitation of a variety of modes without requiring reorientation of the sample.
A third effect in nano-Raman spectroscopy results from the strong electric field gradients
in the vicinity of the NSOM probe. In the standard derivation of the Raman effect, one
assumes a constant electric field. Even for confocal Raman spectroscopy, this is an
excellent approximation; the electric field intensity does not change measurably over
molecular distances. In nano-Raman spectroscopy, on the other hand, the presence of a
non-negligible field gradient affects the measurement in a fundamental way.

In the following section, Raman spectrsocopy is briefly outlined to give a framework
for the following two sections on polarization and gradient effects. Then, following a
brief section on experimental design, results of hano-Raman measurements provide
demonstrations of both the polarization and the gradient field effects.

Raman spectrscopy

The polarizatiorP of the material depends on the polarizabitityf the material and
on the electric fieldE of the incident light at frequenay (Ferraro and Nakamoto, 1994).
P =aE, cos(2put).
Charges in the material may oscillate at some frequep@bout their equilibrium
positions:
q =0, cos(2pu,t).
Usually the electric field magnitudg, is presumed to be constant over the dimensions of
the oscillations. This is an excellent approximation for visible light in far-field
configurations. The oscillations may, however, induce a change in the polarizability of
the material, which can be approximated by a Taylor expansion of

Combining these and simplifying gives, to first ordeg,n
1 Dal
P=a, cos2ro) + a7 D E[cos(2n{u, - up) + o2 + )} + o)

The first of these terms is the Rayleigh scattering, and the second is the Raman
scattering. The existence of Raman-scattered light depends on the Raman activity,
dalaq. If there is no change in the polarizability for a given vibrational transition then
daloq = 0, and the transition is not Raman-active. In three dimensions, change in the
polarizability tensor determines the activity, and the vibration is Raman-active if any one
of the polarizability tensor components is changed during the vibration.



Polarization effects

Whether one appeals to the more idealistic analytical results of Bethe (1944) and
Bouwkamp (1950) or any of the more recent realistic numerical work such as that of
Martin (1999), theoretical work suggests that witipolarized light incident on an
aperture, the transmitted light hasy andz components. The total intensity of the
transmitted radiation varies strongly with distance from the tip, as do each of the
components.

In conventional normal incidence Raman spectroscopy, vibrational modes ovith
components are excited by the incident light, which is necessarily polarizedxy the
plane. Modes with purelg components require an electric field in thdirection for
excitation. Thez modes are usually measured by reorienting the crystal so that the
incident light has a polarization component along the desired axis. In near-field Raman,
there is az component of the field which provides excitation of these modes without
reorientation of the crystal. Theoretical studies show that the integratddrization
intensity in the very near field is actually stronger thartaked field in the far-field.

Field gradient effects

Classically, the effect of the field gradient can be explored by taking a Taylor expansion
of the electric field
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and including it in the above derivation. This results in a polarization given by
P =a_E, cos(2pu.t)
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The first two terms of are the same as before. The third describes a scattering with the
Stokes and anti-Stokes frequency shifts similar to the Raman lines. Instead of a
dependence on activitga/dg, however, this scattering term is dependent on the field
gradient and the polarizability. Selection rules for this term depend on the characteristics
of a, and so would have similar activity as IR absorption spectroscopy. This is the
gradient field Raman - or GFR - term.

An identical result follows quantum mechanically. In this case, transitions in
vibration levels due to coupling with a radiation field are described by the perturbation
Hamiltonian:

H=mE
wherep is the dipole moment artél is the electric field. The electric dipole moment can
be written as
% |
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where the &,b,¢ are a permutation of the coordinates,\{,4 and summing over
repeated indices is implied.is the magnetic fieldy and A are given by: (Sasst al,

1981)
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where H(w) = ZV—“WZ and whergu” and6, m are the permanent electric dipole and the
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ji
quadrupole operator, respectively, afidand|f) are the initial and final states of the
system, respectively.

The derivation of the spectroscopic signals originates with a first-order expansion of
u in the coordinate of vibratiog. Terms withouty dependence may be discarded since
they will not couple adjacent vibration states. Upon removal of high order terms that are
small even in the case of large field gradients, the relevant dipole terms can be written as:
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These four terms result in IR absorption, Raman, gradient field Raman (GFR), and
guadrupole-Raman, respectively.
The ratio of the GFR term to the Raman term depends upon the field gradient and the
polarizability gradient. We approximate the polarizability gradienttsy wherea is

close to an atomic dimension. This gives us a ratio of GFR to Raman of:
G _ adcE

_
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In vacuum, the field gradient yields terms of the or{®p// )E,. The ratio of the GFR
term to the Raman term is then (for 500 nm light ard).2 nm)
G, 20 2P 5 10
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Thus, any GFR contribution is insignificant in vacuum.

Near a metal surface, the jellium approximation (Feibelman, 1975) indicates that the
normal component of the electric field varies by nearly its full amplitude over a distance
of 0.2 nm. The field gradient is then approximatg/p.2 nm, and
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One thus could expect to find a measurable GFR signal near metal surfaces.
The GFR differs appreciably from Raman spectroscopy in selection rules. These rules

result from the requirement th(@t ‘ ‘m E|yi> be nonzero. Thg dependence qf means
that this expectation will be nonzero if tige differ by one vibrational quantum. In

addition, the coefficient af must be nonzero. The Raman selection rules are determined
by the requirement

fa
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This is equivalent to the condition thatand the vibration belong to the same symmetry
species (Ferraro & Nakamoto, 1994). Conversely, the GFR selection rules require that
belong to the same symmetry species as the vibration, or
TE

LTt
This will be true if the vibration has a component normal to the surface, since that is the
direction in whichE varies most rapidly. The polarizability must also be nonzero. For
example, ifzis normal to the surface, theg, andE, must be non-zero. This is the case
for NSOM, in which the largest componentsEoére near the probe (Betzig & Trautman,
1992), but it is certainly not the case in far-field measurements. The GFR effect should
scale with polarizability, and should thus be stronger for ionic systems. This is in
contrast to Raman spectroscopy, which typically is stronger for covalent bonding. The
GFR effects should also be strongest for the vibration modes for which infrared
absorption is strong. That is, the GFR spectra will complement the Raman spectra in
many materials, particularly centro-symmetric materials. The extra requirement for
observation of the GFR effect is a strong field gradient along the vibrating bond.

The effects of a strong electric field gradient on Raman spectra has been discussed
previously as a mechanism for some of the observed spectral lines in SER®t(8Bss,
1981). As there is no good, controllable method of regulating distance or field gradient
in SERS, NSOM-Raman offers the first opportunity to test the distance dependence of
this effect. The GFR effect was also predicted as an effect in the Raman spectra of
microparticles suspended in laser traps (Kratlgl, 1988).

Experimental set-up

Aluminum coated etched fiber tips were positioned near the surface of samples under
investigation, and spectra were taken with the tip near the surface under lateral force
feedback. The NSOM was used in the illumination mode with 514 nm laser light.
Reflected light is collimated with a 0.50 NA lens and is passed through a holographic
filter, focussed into a single stage 1 meter spectrometer, and collected onto a cooled CCD
camera. Light reflected from the filter is simultaneously gathered to provide a reflection
image and to verify that observed effects are not attributable to laser power fluctuations.
The tip mounting assembly eliminates problems associated with high mechanical Q
and allows for large collection efficiency, see Fig. 1. By gluing one leg of the tuning fork
to the base, the symmetry of the oscillator is destroyed and the resonator changes from a
low-loss tuning fork to a high-loss vibrating beam with a resonance of 35-37 kHz. With
one arm of the fork fixed, higher level harmonics in the fork do not cancel and are used
for feedback. At the second cantilever beam mode around 90 kHz the Q is reduced by a
factor of ten and the mechanical limit on bandwidth is reduced by a factor of 30 or more.
Scanning of the sample is accomplished with a standard four-quadrant piezo tube, and the
coarse approach mainframe consists of a monolithic double-compound flexure. The
collection optics, scan tube/sample holder, and tip mount are all affixed to the flexure
which is firmly mounted inside a copper thermal isolation box. The material studied is
KTIOPQ, (KTP) a non-linear optical material used for second harmonic generation.



Results and discussion

A Raman spectrum taken with the tip held in the far-field of the sample is shown in Fig.
2. The 767 cm peak is the symmetric Al vibration reported in both near- and far-field
measurements (Kugedt al, 1988; Jahncket al, 1995). Features at 698 ¢rand at 631

cm can be identified as an A2 vibration and a weaker Al vibration, respectively. The
shoulder at roughly 800 cm could be associated with a vibration at 78€ported by
Yang,et al. (1986).

As the tip is brought into the near-field of the sample, the features change subtly.
Difference spectra allow one to focus on the changes in the spectrum as the near-field
effects come into play. Thus, a series of spectra were obtained as the tip approached the
sample, and each spectrum was subtracted from a far-field NSOM spectrum such as that
of Fig. 2. Each spectrum took several minutes to obtain. These difference spectra are
shown in Fig. 3. From the top to the bottom, the spectra correspond to the following
positions: (a) in contact with the surface, (b) just out of contact, (c) 47 nm further than the
b spectrum, (d) 70 nm further than the b spectrum, (e) 108 nm further than the b
spectrum, and (f) 127 nm further than the b spectrum. Reading from bottom to top, it is
clear that a large feature at 785 cappears as the tip is brought into the near-field of the
sample. This peak can be identified as that reported by ¥aaly(1986) at 783 cm
which posseses B1 symmetry. The B1 symmetry requires a polarization component in
the z-direction, normal to the surface. The data of Fig. 3 thus provide a demonstration of
the fact that varying polarization states may be sampled in an NSOM Raman experiment
merely by adjusting the distance between the tip and the sample. This capability is
unigue to nano-Raman.

As further evidence that the feature at 785'ésnindeed a z-sensitive Raman mode,
the distance dependence of this feature is plotted in fig. 4. Also shown is the distance-
dependence of the squared z-component of the electric field as calculated by the Bethe-
Bouwkamp model (Bouwkamp, 1950). One arbitrary scale factor is used to shift the data
along the ordinate. This scaling is equivalent to assuming a certain aperture size. (The
single point on the ordinate represents the contact spectrum. It's coordinate on the
abscissa is somewhat arbitrary since the tip flexes on contact.) Agreement between the
data and the theoretical fit of Fig. 4 suggest that the 785ncaule is indeed attributable
to a z-sensitive Raman mode. In these NSOM nano-Raman spectra, therefore, clear
sensitivity to z-polarization Raman activity is evident.

In a spectrum taken over several hours in a similar NSOM configuration, a peak
emerges than cannot be attributed to a Raman active mode of any orientation - including
z-polarization. This peak appears at 712'cas can be seen in Fig. 5. In this raw
(unfiltered non-difference) spectrum, several Raman peaks can be identified. The left
peak at 683 crhis a B1 vibrational mode. The hump at 695'ésthe A2 vibration, and
the familiar peak at 676 chis the A2 symmetrical vibration. The peak at 712" gsmot
explained by conventional Raman or z-polarization effects. Once again, the distance
dependence of the peak is instructional. In figure 6, the near-field enhancement of the
712 cmt peak is plotted as a function of distance. According to the theory developed
above, if the peak does indeed represent the GFR effect, its height should scale with the
magnitude of the z-component of the electric field times its gradient. This dependence is
shown as the dashed line in the figure. Given the noise in the data, the fit can be said to



be semi-quantitatively correct. The peak may therefore be identified as the well-known
IR active mode at 712 cih It is rendered observable in this Raman spectrum by the
presence of the large electric field gradient in the near-field of the NSOM probe.

Conclusion

Nano-Raman spectroscopy is fundamentally different from micro-Raman
spectroscopy. In NSOM-based nano-Raman experiments, alternative polarization states
may be sampled by adjusting the tip-sample spacing. In particular, z-polarization active
modes become observable when the tip is in the near-field of a sample surface (in the x-y
plane) that is illuminated through a probe excited with x-polarized light. Also, IR active
modes can be observed in nano-Raman spectroscopy because of the large field gradients
in the near-field of an NSOM probe.

Acknowledgements

The authors acknowledge discussions with Edgar Etz and Wolfgang Kiefer. The help
of Bev Clark and Greg McDowall in developing our tip-etching technology is gratefully
acknowledged. Work was supported by the US Army Research Office through grant
DAAH04-97-1-0333 and the National Science Foundation through grant DMR-9731815.

References

Bethe, H. (1944) Theory of diffraction by small holBsysical Revievd6, 163-182.

Betzig, E. & Trautman, J.K. (1992) Near-field optics: Microscopy, spectroscopy, and
surface modification beyond the diffraction linfticience257, 189-195.

Bouwkamp, C.J. (1950) On the diffraction of electromagnetic waves by small circular
discs and hole$#hilips Research Repads 401-422.

Delhaye, M. & Dhamelincourt, P. (1975) Raman microprobe and microscope with laser
excitation.Journal of Raman Spectroscopy33-43.

Ferraro, J. & Nakamoto, K. (199#)troductory Raman Spectroscogycademic Press,

Inc., New York.

Jahncke, C.L., Paesler, M.A. & Hallen, H.D. (1995) Raman imaging with near-field
scanning optical microscopgpplied Physics Lette®7, 2483-2485.

Knoll, P., Marchi, M. and Kiefer, W. (1988) Raman spectrsocopy of microparticles in
laser light trapsindian Journal of Pure and Applied PhysRS 268-277.

Kugel, G.E., Bréhat, F., Wyncke, B., Fontana, M.D., Marnier, G., Carabatos-Nedelec, C.
& Mangin, J. (1988) The vibrational spectrum of a KTiQRMdgle crystal studied by
Raman and infrared reflectivity spectrsocopyPhys. C:Solid State Phy&l, 5565-

5583.

Martin, O.J.F. (1999) 3D simulations of the experimental signal measured in a near-field
optical microscopeJournal of Microscopyl 94, 235-2309.

Paesler, M.A. & Moyer, P.J., (1996)ear-field Optics: Theory, Instrumentation, and
Applications John Wiley & Sons, Inc., New York.

Rosasco, G.J., Etz, E.S. & Cassatt, W.A. (1975) The analysis of discrete fine particles by
Raman spectroscopipplied Spectrsoco®s, 396-404.



Sass, J.K., Neff, H., Moskovits, M. and Holloway, S. (1981) Electric field gradient
effects on the spectroscoy of adsorbed molecudld3hys. Chen85, 621-623.

Yang, H., Gu, B., Wang, Y., Huang, C., Shen, (1986) Polarized Raman spectra of single
crystal potassium titanium oxide phosphate (KTIOPOguangxue Xueba(1986),
6(12), 1071-1080.



Figure Captions

Fig. 1. NSOM tip-holder assembly and collection optic. The holder is a one inch long
conventional microscope cover slide. The tuning fork is glued to the end of the holder.
A slot is cut in the aspheric lens to accommodate the fork and tip.

Fig. 2. Typical KTP Raman spectrum. This spectrum was taken with the NSOM
configured as shown in Fig. 1.

Fig. 3. KTP difference spectra at varying near-field distances. Spectra represent the
difference between the spectra taken and the spectrum taken with the tip retracted to the
far-field as in Fig. 2. Reading from the top to the bottom, the distances are: (a) in contact
with the surface, (b) just out of contact, (c) 47 nm further than the b spectrum, (d) 70 nm
further than the b spectrum, (e) 108 nm further than the b spectrum, and (f) 127 nm
further than the b spectrum.

Fig. 4. Integral of the area under the 785 tpeak versus distance between the sample
and the tip. The solid line represents a numerical integration of the Bethe-Boukamp
model of the z-component of the electric field.

Fig. 5. A nano-Raman scan of KTP with the tip in the near-field of the sample. The

peaks at 683, 695, and 676 tare identifiable Raman peaks. The peak at 712ism

not explained by conventional Raman or z-polarization effects. It may be identified as an
IR active mode excited by the large electric field gradient inherent in nano-Raman
spectroscopy performed with an NSOM.

Fig. 6. Near-field enhancement of the 712 tipeak. The dashed line represents a fit to
the magnitude of the z-component of the electric field times the gradient of that field.



