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COHERENT RAMAN SPECTROSCOPY VIA SURFACE PLASMONS

Y. R. Shen, C. K. Chen, and A. R. B. de Castro

Department of Physics
University of California
Berkeley, Califormia 94720

ABSTRACT - Coherent antiStokes Raman scattering resulting from mixing of surface
plasmons is inveszigated. The technique is shown to be sensitive and surface-

specific.

We describe in this paper nhow conerent Raman
spectroscopv can be performed via surface plas-
mons, and how it can be used to study surface-~
specific problems. Surface slasmons are surface
electromagnetic waves confined to the interface
between a metal and a dieleccric.? They propa-
gate along the interface with their amplitudes
dropping off exponentially within a wavelength on
either side of the interface. Thus, in exciting
the surface plasmons, the incoming laser power
gets squeezed into a layer of thickness less than
a wavelength. Consequently, the beam intensity
is greatly enhanced, and the surface plasmon pro-
pagation characteristics are extremely sensitive
to zhe interface sctructure. Small perturbation
on the interface can be raadiiy detected. Sur-
face plasmons car thereicre be usaed fcr accurate
@easurements of refrzctive indices of a dielec~-
tric,? for srobing of phase transitions,? and for
study of overlavers and molecular adsorption om
metal surfaces.3»"

The very high inrensities of surface plas-
mons achievable hy laser excitation suggest the
oessisility of observing nonlinear interaction
bv surface plasmons. Nonlinear optical effects
in Sulk media have been well explored in the
past two decades, but their surface counterparts
have not wet received adequate attention. Actu-

ally, nenlinear optical effects involving sur-
face plasmons are easily observable. Second har-
monic genzration by surfzce-plasmons has been
measured,” and coherent antiStokes Raman spec~
troscopy resulting from nonlinear mixing of four
surface plasmon waves has been demonstrated.®
Hera, we discuss the latrer case in more detail.

The theory of nonlinear interaction of sur-
face plasmcns has been cdevelsned elsewhere. We
preseat here only a brief cu:tline. Firsg,
through nonlinearity of =mainly the dielectric
medium, a nonlinear peler on PNL(.) is in-
duced in 5v the interacting
surface ‘) acts as a source
£ ~aration Treat output at .
vcattr compor £ BRLAL) along
tes ¢ .. vecter Kj of tae

asmons.

P S < result in a
reat .o -Zon of the surface
ut field ... a magnitude
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where Cj and C; are coefficients and v the damping
constant of the surface plasmon. A detailed cal-
culation would show that if |PNL| is of the order
of 106 esu in a 10-nsec pulse, the output can be
readily detected.

We now consider the special case of coherent
antiStokes Raman scattering (CARS) by surface
plasmons using the Kretschmann geometyy shown in
Fig. 1. The surface plaswmons at w,, kl'“ and w3,

Fig. 1
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iz’] are linearly excited by incoming laser beams
through the glass prism. Under optimum condi-
tions, the excitation efficiency is nearly 100%.
From the consideration of conservation of total
power flow, the surface plasmon intensity should
be about a/2y times larger than the incoming laser
intensity, where a~! is the penetration depth of
the field into the dielectric medium. Typically,
for silver-dielectric interfaces, a ~ 1QPcm™-,

v ~ 103 cz~*, and hence a/y ~ 50. If the incoming
laser beam intensities are 1.2 MW/cm-, the linear-
ly excited surface plasmon intensities are 60
MW/cm?, corresponding to a field strength of 193
esu, We then find in the dielectric medium with
x(s)(ua = 2uy - wy) 2 10-*3 esu around a Raman re-
sonance at wy = W] *® Wyibratigns & nonlinear po-
larization |PNL(y,)! = Txfn EZ(0y)E®(wy) ) ~ 107"
or larger. According to our previous estimate,
the coherent antiStokas output generatad by
PNL(ma) is expected to be several orders of magni-~
tude above the detection limit. .

The above discussion suggests that the sur-
face CARS (and in fact, other aonlinear mixing i~
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fects of surface plasmons) can be easily ob-
served. We have tested out the idea by using
benzene as the dielectric medium and silver as
the metal film in Fig. 1. The w; beam was pro-
vided by a Q-switched ruby laser and the wj; beam
by a tunable ruby-laser-pumped dye laser oscil-
lator-amplifier system. The generated surface
plasmon at wy = 2uw; - w; was coupled out through
the prism as a highly directional coherent beam,
and was detected by a photomultiplier with pro-
per filtering in front of it. As a third-order
nonlinear optical effect, the signal should in-
crease with the pump laser intensities I (wy)
and I;(w;) as I7(wy)Iz(wp) TA, where T and A are
are the pulse duration and the beam cross-section
at the interface respectively. Thus, one would
like to focus the laser beams onto the interface
tightly in order to obtain the maximum I and I
possible. As usual, however, the laser intensi-
ties are always limited by optical damage of ma-
terials. In our case, the laser beam would burn
off the metal film at a power flux higher than
50 mJ/cm?. Thus, we limited the laser flux in
our experiment to less than 30 mJ/cm®.°

As we discussed earlier, the output should
be proportional to |x(3)(wz = 2u; = wp) {2 which
shows a Raman resonant enhancement at w) - wy =
wyib. 1o our experiment, benzene has a well-
known Raman mode at 992 cm-!. By scanning wy -
wo around 992 em~l1 through variation of w;, we
indeed observed a resonant curve of surface CARS
as shown in Fig. 2. The results were in very
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good agreement with the theoretical prediction.
At the resonant peak, the phase-matched coherent
antiStokes output was detected to be about 2 x
10° photons per pulse when the input beams were
I;(w;) = 80 Ki/em?, I,(wp) = 800 KW/cm?, T = 30
nsec, and A = 0.2 em2. A theoretical estimate
predicted an output of 2.5 x 105 photons/pulse.

That the observed CARS signal indeed came
from mixing of surface plasmons was verified by
a number of experimental checks. First, in order
to excite a surface plasron, the incoming laser
beam must be transverse magnetic. If either wy
or w» bean becomes transverse electric, the sur-
face CARS signal should dacrease drastically.
This was actually what we observed. Then, the
observed signal also decreased drastically when
the prism assembly was rotated away from the op-
timum angular position for surface plasmon exci-
tation., Finally, the output signal was also
transverse magnetic, suggesting that it origin-

ated from a surface plasmon. This was further con-
firmed by the phase-matching curve for four-sur-
face-plasmon mixing shown in Fig. 3.
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The maximum signal-to~-noise ratio in our ex-
periment was around 103 and could probably be im-
proved to 10*. With I;T + I,T limited to 30 mJ/
cm?, if we choose I} = 670 KW/cm? and I; = 330 KW/
cmz, the signal could increase by a factor of 30.
Now, it appears that the threshold for opt;cal
damage is more a power flux threshold than an in-
tensity threshold. The signal should therefore
increase even further if shorter pulses with the
same power flux are used. For example, with T =
30 psec, A = 0:2 em?, I, = 670 MW/cm? and I, =
330 MW/cm?, the output being proportional to
I?IzTA can be as large as 7.5 x 1012 photons/pulse.
The same signal can be obtained with 3-psec input
pulses of 20 pJ/pulse atwy and 10 uJ/pulse at wy -
focused to a spot of 2 x 10-3 cmz, The latter
case is not difficult to achieve with the present-
day picosecond technology. Now that the surface
plasmon intensities decay exponentially away from
the interface, the nonlinear polarization induced
in the benzene medium is significant only in a
layer of about A/2r ~ 1000 A, neighboring the in-
terface. In other words, the surface CARS signal
is mainly generated by the induced nonlinear po-
larization in ~ 100 layers of benzene molecules.
Then, since the ouput is proportional to|PNL(u,)i?
&« Nz, where N is the density of molecules, the
above estimate shows that even submonolayers of
molecules adsorbed on the metal surface should be
detectable in surface CARS with sufficiently short
input laser pulses.

Our discussion here suggests that surface
four-wave mixing can be a potentially useful tech-
nique to study thin films and adsorbed molecules
on surfaces. With picosecond pulses, the dynami-
cal properties of surface overlayers or adsorbed
molecules can also be investigated. In additionm,
since the attenuation length of surface plasmons
is ~ 10 um, and the metal film acts an an effec-
tive filter for the coherent output, the techaique
should be useful for studying materials with
strong absorption, strong scattering, or/and
strong fluorescence.

This work was supported by the Division of
Material Sciences, Office of Basic Enmergy, U. S.
Department of Energy under contract No. W-7405-
ENG-48. Collaboration with F. DeMartini is grate-
fully acknowledged.
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Figure Captions

Fig. 1 Prism assembly for surface plasmon excita-

tion and mixing in the Kretschmann geome-
try.

Fig. 2 Surface CARS signal as a fuction of w; -

w, around the 992-cm~! vibrational mode
of benzene. The crosses are the dats
points and the solid line is the thegreti-
cal curve.

Fig. 3 Surface CARS signal as a function of phase

mismatch ik along the interface. The
crosses are the data points and the solid
line is the theoretical curve.
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