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Linear and nonlinear optics of surface-plasmon whispering-gallery modes
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Experimental and theoretical studies of linear and nonlinear optics of surface plasmon whispering gallery
modes have been performed. These modes have been observed in dielectric microdroplets on the metal sur-
faces which support surface plasmon propagation. The plasmons have been shown to exhibit critical behavior
near some surface just inside the droplet edge, where the effective refractive index seen by the surface
plasmons appears to be extremely large.
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I. INTRODUCTION

The emerging field of nanophotonics is based on the
tics of surface plasmon-polaritons.1 Until recently most work
on this basically two-dimensional~2D! optics was concen
trated on showing that in two dimensions one can succ
fully perform all the same optical experiments and build d
vices, which were previously performed and/or built
regular three-dimensional optics. Experiments with in
vidual metal nanoparticles and nanoparticle chains, in wh
one can produce field localization and energy transport
sub-diffraction-limited scale remain an exception. Howev
it was understood that these are not 2D situations, and
perception of 2D optics of surface plasmon-polaritons a
reduced copy of 3D optics prevails at the moment.

In this paper we are going to demonstrate a set of p
nomena, which are based on an overlooked fundamental
tinction between 2D and 3D optics. In 3D optics the range
refractive indices of transparent materials is limited in t
visible range by values of the order of 2.5. Below we w
show that the effective refractive indexne f f of a transparent
dielectric droplet on the metal surface which suppo
plasmon-polariton propagation may reach much larger
ues, which leads one to a host of unusual 2D optical dev
and phenomena. For example, the diffraction limit of
plasmon-polariton field focusing by a transparent dielec
droplet shifts down to nanometer scalel/2ne f f values, which
theoretically makes possible a 2D far-field optical micro
copy with a similar-scale resolution. This issue will be a
dressed in a separate paper. On the other hand, large effe
refractive index of a dielectric droplet leads to very efficie
trapping of surface plasmon-polariton field in the whisper
gallery modes, which may lead to new understanding of s
phenomena as surface enhanced Raman scattering~SERS!.

Let us consider in detail the dispersion law of a surfa
plasmon~SP!, which propagates along the metal-dielect
interface. The SP field decays exponentially both inside
metal and the dielectric. Inside the dielectric the decay ex
nent is roughly equal to the SP wave vector. As a first step
us assume that both metal and dielectric completely fill
respectivez,0 and z.0 half-spaces. In such a case t
dispersion law can be written as1,2
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where we will assume thatem512vp
2/v2 according to the

Drude model, andvp is the plasma frequency of the meta
This dispersion law is shown in Fig. 1~b! for the cases of
metal-vacuum and metal-dielectric interfaces. It starts a

FIG. 1. ~a! Experimental geometry of surface plasmon whisp
ing gallery mode observation.~b! Surface plasmon dispersion law
for the cases of metal-vacuum interface far from the droplet,
metal-dielectric interface deep inside the droplet, and somewh
near the droplet edge.~c! A surface plasmon trapped inside a drop
near the critical surface: The projection of surface plasmon mom
tum parallel to the droplet edge must be conserved. Due to
tremely large effective refractive index near the droplet edge s
face plasmons experience total internal reflection at almost
angle of incidence.
©2004 The American Physical Society17-1
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‘‘light line’’ in the respective dielectric at low frequencie
and approaches asymptoticallyv5vp /(11ed)1/2 at very
large wave vectors. The latter frequency corresponds to
so-called surface plasmon resonance. Under the surface
mon resonance conditions both phase and group velocit
the SPs is zero, and the surface charge and the normal
ponent of the electric field diverge. Since at every wave v
tor the SP dispersion law is located to the right of the ‘‘lig
line,’’ the SP’s of the plane metal-dielectric interface are d
coupled from the free-space photons due to the momen
conservation law.

If a curved dielectric object@say, a droplet like in Fig.
1~a!# is placed on the metal surface, the SP dispersion
will be a function of the local thickness of the droplet and t
local value of its dielectric constant, which may or may n
be constant throughout the droplet. Deep inside the dro
far from its edges the SP dispersion law will look similar
the case of a metal-dielectric interface, whereas, near
edges~where the dielectric is thinner! it will approach the SP
dispersion law for the metal-vacuum interface. The behav
of the SP dispersion law for the range of intermediate thi
nesses is somewhat more complicated: the dispersion c
reaches a broad maximum followed by a very slow decl
towardsv5vp /(11ed)1/2 at k→`. However, this behavior
at very largek gets complicated by the effects of spat
dispersion, which bends the dispersion curve up again
order to avoid these complications we may assume that
spatial distribution of the dielectric constanted inside the
droplet is chosen by an experimenter such that at each
mination frequency in the range betweenvp /(11ed)1/2 and
vp/21/2 there will be a closed linear boundary inside t
droplet for which the surface plasmon resonance conditi
are satisfied@Figs. 1~b! and 1~c!#.

Let us show qualitatively that in the frequency range b
tweenvp /(11ed)1/2 andvp/21/2 the described boundary o
the surface plasmon resonance behaves as a critical su
which accumulates the energy of plasmon-polaritons pro
gating in its vicinity. Let us consider a surface plasmon w
a frequency just below the frequency of the surface plasm
resonance at a given location inside the droplet. Such a S
effectively trapped inside the droplet in one of the whisp
ing gallery modes near the critical surface, due to the f
that the effective refractive index of the droplet seen by
SP is very large@Fig. 1~c!#. The fact that surface plasmon
which are localized in nanometer-scale metal particles
been previously observed in the experiment1,2 indicates that
the effective refractive index seen by the surface plasm
may reach at leastne f f;1000. The fact that the droplet i
large means that ray optics may be used. Since the com
nent of the SP momentum parallel to the droplet bound
has to be conserved, such a SP will be totally internally
flected by the droplet boundary back inside the drople
almost any angle of incidence. This is a simple conseque
of the fact that at the critical boundary of the surface pl
mon resonance~located just inside the droplet! the effective
refractive index of the droplet as seen by the surface p
mons is infinite@according to Eq.~1!, both phase and grou
velocity of surface plasmons is zero at surface plasmon r
nance#. In addition, due to the very large density of states
20541
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the surface plasmon whispering gallery modes, even th
plasmons which propagate almost perpendicular to the d
let boundary and could, in principle, be able to leave
droplet could not do it because of the surface roughne
Such plasmons would be overwhelmingly scattered into
whispering gallery modes and could not leave the drop
On the other hand, all the incoming plasmons in this f
quency range will be ‘‘sucked’’ into the whispering galler
modes of the droplet by its huge effective refractive inde
Thus, the line just inside the droplet boundary where
surface plasmon resonance conditions are satisfied beh
as a critical surface. It accumulates SP’s of a given reson
frequency.

We should also mentioned that the whispering galle
modes ~WGM! also exist below the discussed frequen
range betweenvp /(11ed)1/2 and vp/21/2, so that the de-
scribed effect is more general. However, belowvp /(1
1ed)1/2 the effective refractive index experienced by surfa
plasmon-polaritons is of the order of 1, which makes t
physical situation look more like the usual three-dimensio
case. Since the properties of WGM in three dimensions
rather well established,9 we will concentrate on the less usu
case of WGM in betweenvp /(11ed)1/2 andvp/21/2.

II. EFFECTIVE METRICS NEAR THE CRITICAL
SURFACE

In principle, plasmon propagation near the critical surfa
may be described geometrically by an effective metric us
the approach described in Ref. 3. As we will demonstr
below, the effective metric represents the distribution of s
face plasmon phase velocity around the droplet in the m
plane, which may be helpful in understanding the 2D pro
gation properties of surface plasmons. Quantitatively the
fective metric experienced by surface plasmons near
droplet boundary may be written by introducing a loc
slowly varying SP phase velocityc* (x,y)5v/k(x,y), so
that the wave equation for surface plasmons may be wri
as

S ]2

c* 2]t2
2

]2

]x2
2

]2

]y2D A50, ~2!

which corresponds to an effective metric

ds25c* 2dt22dx22dy2. ~3!

The behavior ofc* (x,y) is defined by the shape an
thickness of the droplet near its edge~if necessary, the drop
let may be replaced by a similar shaped layer of solid diel
tric!, by the thickness of the metal film, and by the frequen
of the surface plasmons. In order to simplify situation, let
consider a thin metal membrane with two ‘‘linear’’ drople
positioned symmetrically on both sides of the membra
@Fig. 2~a!#, and assume the frequency range of incoming S
to be small so that we can neglect the dispersion of the m
and the dielectric. The droplets thicknesses atx50 corre-
spond to the surface plasmon resonance at the illumina
frequency. The droplets taper off adiabatically in positive a
negativex directions on both sides of the membrane. In t
7-2
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symmetric membrane geometry the surface plasmon s
trum consists of two branchesv2 and v1 , which exhibit
positive and negative dispersion, respectively, near the
face plasmon resonance.4 Figure 2~b! shows the dispersion
curves of both branches for the cases of metal-vacuum in
face far from the droplets, and for the locations nearx50.

The critical surface discussed above corresponds toc*
50 at x50. The behavior ofc* (x) nearx50 may be de-
fined at will by choosing the corresponding geometry~shape
and dielectric constant distribution! of the droplet edge. In
order to adhere to the metric considered in Ref. 3 let
assume thatc* 5axc in the vicinity of x50. However, we
should remember that this linear behavior will be cut
somewhere near the critical surface due to such effect
Landau damping,5 losses in the metal and the dielectric, e
The resulting effective metric now looks like

ds25a2x2c2dt22dx22dy2. ~4!

This particular choice of the shape of the droplet ed
gives rise to an effective Rindler geometry.3 Choosing a dif-
ferent behavior ofc* (x) nearx50 will lead to a different
effective metric. For example, the choice ofc* 5bx2c
would produce the Reissner-Nordstrom metric near the c
cal surface. These various choices of the effective me
may be made possible by choosing the appropriate diele
constanted(x,y) and/or thicknessd(x,y) distribution of the

FIG. 2. ~a! A thin metal membrane with two ‘‘linear’’ droplets
positioned symmetrically on both sides of the membrane. The c
cal surface is located atx50. Such geometry emulates the effecti
space-time geometry considered in Ref. 3.~b! Dispersion laws of
the v2 and v1 modes exhibit positive and negative dispersio
respectively, near the surface plasmon resonance. These bra
are shown for the cases of metal-vacuum interface far from
droplets, and for the locations nearx50.
20541
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absorbed layer of dielectric over the metal surface. The
fects of these factors on the phase velocity of surface p
mons are complimentary to each other, which may be s
from the dispersion law of surface plasmons in a three-la
metal-dielectric-vacuum geometry described in numer
publications~see for example Ref. 2!. In the limit of small
plasmon phase velocitiesc* /c!1 the phase velocity can b
found by solving the following nonlinear equation:

c* 2

c2
5h5S 1

ed
1

1

em
D1

~ed21!

~ed11! S 1

ed
2

1

em
DexpS 2

2vd

ch1/2D ,

~5!

so that one can vary eithered or d in order to achieve the
same desired phase velocity at a given frequencyv and at a
given location on the metal surface. Finally, the use of op
cally active dielectric produces an effective Kerr metric ne
the critical surface as described in Ref. 6. This geometry m
be quite important from the point of view of practical app
cations. In the frequency range where the critical surfa
exists only for one~left or right! kind of plasmon-polaritons,
the array of such droplets will behave as a medium wh
exhibits giant planar optical activity. Such media are be
actively developed at the moment.7

III. EXPERIMENTAL OBSERVATIONS OF SURFACE
PLASMON WHISPERING GALLERY MODES

The surface plasmon whispering gallery modes descri
above are extremely easy to make and observe. In our
periments a small droplet of glycerin was placed on the g
film surface and further smeared over the surface using
paper, so that a large number of glycerin microdroplets w
formed on the surface@Fig. 3~a!#. These microdroplets were
illuminated with white light through the glass prism@Fig.
1~a!# in the so-called Kretschman geometry.2 The
Kretschman geometry allows for efficient SP excitation
the gold-vacuum interface due to phase matching betw
the SP’s and photons in the glass prism. As a result, S
were launched into the gold film area around the drop
Photograph taken under a microscope of one of such mi
droplets is shown in Fig. 3~b!. The white rim of light near the
edge of the droplet is clearly seen. It corresponds to
spatial location of the surface plasmon whispering gall
modes just outside the critical surface inside the drop
which has been described above. A small portion of the
field has been scattered out of the two-dimensional surf
plasmon world into normal three-dimensional photon
These photons produced the image in Fig. 3~b!. We also
conducted near-field optical measurements of the local
face plasmon field distribution around the droplet bound
Figs. 3~c!, 3~d!, and 3~e! using a sharp tapered optical fibe
as a microscope tip. These measurements were perfor
similar to the measurements of surface plasmon scatterin
individual surface defects described in Ref. 8. The drop
was illuminated with 488 nm laser light in the Kretschm
geometry. The tip of the microscope was able to penet
inside the glycerin droplet, and measure the local plasm
field distribution both inside and outside the droplet. Insi
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FIG. 3. Far-field~a!, ~b! and
near-field~c!, ~d! images of whis-
pering gallery modes field distri-
bution: ~a! Droplet of glycerin on
a gold-film surface~illuminated
from the top!. The droplet diam-
eter is approximately 15mm. ~b!
The same droplet illuminated with
white light in the Kretschman ge
ometry, which provides efficient
coupling of light to surface plas-
mons on the gold-vacuum inter
face @Fig. 1~a!#. The white rim
around the droplet boundary cor
responds to the surface plasmo
trapped in the whispering gallery
modes near the critical surface in
side the droplet.~c! and ~d! show
10310 mm2 topographical and
near-field optical images of a
similar droplet boundary~droplet
is located in the right half of the
images! illuminated with 488 nm
laser light. Cross sections of bot
images are shown in~e!. Position
of a droplet boundary is indicated
by the arrow.
on
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the droplet~in the right half of the images! the shear-force
image ~c! corresponds to the increase in viscous fricti
rather than the droplet topography. However, this image
curately represents the location of the droplet bound
shown by the arrow in Fig. 3~e!. The sharp and narrow loca
maximum of the surface plasmon field just inside the drop
near its boundary is clearly visible in the near-field ima
Fig. 3~d! and its cross section Fig. 3~e!. This feature repre-
sents the behavior of SP field near the critical surface.

We should also mention that SP’s in the frequency ra
20541
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t
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belowvp /(11ed)1/2 can be excited directly inside the drop
lets. This might result in somewhat better coupling to wh
pering gallery modes. However, for most liquids in th
Kretschman geometry this would require the use of pris
with much larger refractive index and illumination at muc
steeper angles, which could result in reduced coupling e
ciency. The detailed answer to power coupling proble
would require further detailed study.

The SP whispering gallery phenomenon shown in F
3~b! is potentially a very interesting effect in surface pla
7-4
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LINEAR AND NONLINEAR OPTICS OF SURFACE- . . . PHYSICAL REVIEW B 69, 205417 ~2004!
mon optics. Whispering gallery modes, which are w
known in the optics of light in droplets and other spheric
dielectric particles, are known to substantially enhance n
linear optical phenomena due to cavity quantum electro
namic effects.9 One may expect even higher enhancemen
nonlinear optical mixing in liquid droplets on the metal su
faces due to enhancement of surface electromagnetic
inherent to surface plasmon excitation, and in addition,
to accumulation of SP energy near the critical surface in
vicinity of the droplet boundaries. This strong enhancem
of nonlinear optical effects in liquid droplets may be ve
useful in chemical and biological sensing applications.
may also be responsible for the missing orders of magnit
of field enhancement in the SERS effect,5 since various plas-
mon excitations are believed to play a major role in SER

IV. NONLINEAR OPTICS OF SURFACE PLASMON
WHISPERING GALLERY MODES

The current explanation of SERS is based on the com
nation of electromagnetic and ‘‘chemical’’ enhancemen5

The current calculations of the electromagnetic field
hancement take into account ‘‘electrostatic’’ field enhan
ment at the apices of various surface protrusions~the ‘‘light-
ning rod effect’’!, and the local-field enhancement due
excitation of various localized surface plasmon modes in
crevices of the rough metal film. In addition, various we
and strong surface plasmon localization effects are con
ered in combination with the consideration of a rough me
surface as a fractal object.10 The ‘‘chemical’’ enhancemen
was proposed as an explanation for the quite a few mis
orders of magnitude in theoretically calculated optical-fie
enhancement, which follows from the magnitude of the
perimentally measured SERS signals.5 The ‘‘chemical’’ en-
hancement may happen if the molecular energy levels
affected by the proximity to the rough metal surface, and
drawn into resonance with the excitation field.

SERS observations are usually conducted under no
well controlled conditions when the surface topography
not well-known and ‘‘dirty’’ ~the target molecules are prese
on the surface in random locations!. On the other hand, it is
well known that even monolayer surface coverages con
erably shift plasmon resonance1,2 of the metal-vacuum inter
face. It is reasonable to suggest that some areas of
‘‘dirty’’ metal surface may contain compact areas cover
with the multiple layers of the target or solvent molecu
~even if there are no droplets on the surface!. Such compact
areas would affect surface plasmon propagation in a w
which is very similar to the effect of the droplets consider
above: surface plasmon critical surfaces may appear nea
boundaries of such areas. Experimental data shown in F
and the theoretical arguments above strongly indicate tha
local-field enhancement near these boundaries may be
siderable. Even the data shown in Fig. 3~e! obtained with the
limited optical resolution of the order of 100 nm8 indicate at
least ten-fold enhancement of the square of the local-fi
intensity near the droplet boundary. In the physical picture
surface plasmon whispering gallery modes the local SE
signal may be expected to grow by a factor ofQ2, whereQ
20541
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is the cavity quality factor.9 For the surface plasmons in th
visible rangeQ may be estimated roughly asQ;Lne f f /l,
whereL is the surface plasmon free propagation length anl
is the light wavelength in vacuum. Taking into account t
typical theoretical value ofL;40 mm ~Ref. 11! in the visible
range,Q;200 may be obtained. Thus, such surface plasm
whispering galleries may provide considerable SERS
hancements on top of the local electromagnetic enhancem
due to other effects associated with the surface roughne

The effects of surface roughness on the properties of p
mons near the critical surface have not been considere
far. Wave propagation and localization phenomena in r
dom media have been the topic of extensive studies du
the last years.12 One of the most striking examples of suc
phenomena is the strong and narrow peak of diffuse sec
harmonic light emission observed in the direction normal
a randomly rough metal surface@see Fig. 4~a!#. This peak is
observed under the coherent illumination at any angle. T
effect was initially predicted theoretically13 and later ob-
served in the experiment.14 The enhanced second harmon
peak normal to the mean surface arises from the fact th
state of momentumk introduced into a weakly localized sys
tem will encounter a significant amount of backscatter
into states of momentum centered about2k. When these
surfacek and2k modes of frequencyv interact through an
optical nonlinearity to generate 2v radiative modes, the 2v
light has nonzero wave vector components only perpend
lar to the mean surface. The angular width of the norm
peak can be as small as a few degrees, and its amplitud
exceeds the diffuse omnidirectional second harmonic ba
ground.

Similar weak localization effects may be expected for t
surface plasmon modes, which are trapped near the cri

FIG. 4. ~a! Strong enhancement of second harmonic emiss
from a randomly rough metal surface in the direction normal to
surface. A typical angular distribution of the diffuse second h
monic light is shown in the inset.~b! Second harmonic generatio
near the critical surface. Surface roughness is represented
rough droplet edge. Second harmonic plasmons emitted perpen
lar to the surface have the best chances to escape the droplet
7-5
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FIG. 5. ~a! Microscopic image
of the glycerin droplet under nor
mal illumination.~b! SHG is seen
from the droplet illuminated by
810 nm Ti:sapphire laser light in
the Kretschman geometry show
in Fig. 1~a!. The cross section~c!
of the second harmonic image~b!
indicates the droplet edge as a
origin of SHG.
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surface of the droplet when the metal surface exhibits m
erate roughness. Similar to the case of planar ro
surface,13,14 the momentum component parallel to the ed
of the droplet must be conserved in nonlinear optical p
cesses. This means that while the surface plasmonk and
2k modes of frequencyv, which interact through an optica
nonlinearity, generate 2v modes, the 2v plasmons could
have nonzero wave vector component only perpendicula
the mean edge of the droplet@Fig. 4~b!#. Thus, weak local-
ization effects in the scattering of SP’s near the critical s
face should produce a pronounced peak in the angular d
bution of second harmonics of plasmons in the direct
normal to the droplet edge. In addition, because of s
propagation direction~perpendicular to the droplet edge!,
these second harmonic plasmons have the best chanc
escape the vicinity of the critical surface. As a result,
relative intensity of the second harmonic radiation due to
weak localization effect near the droplet edge will be mu
higher with respect to the diffuse second harmonic gen
tion ~SHG! than in the case of planar rough surface. T
diffuse SH plasmons would remain trapped near the crit
surface.

Our experiments strongly indicate enhancement of S
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near the dielectric droplets. The droplet shown in Fig. 5~a!
was illuminated by the weakly focused beam~illuminated
spot diameter on the order of 50mm) from a Ti:sapphire
laser system consisting of an oscillator and a regenera
amplifier operating at 810 nm~repetition rate up to 250 kHz
100 fs pulse duration, and up to 10mJ pulse energy!, which
was directed onto the sample surface in the Kretschman
ometry @Fig. 1~a!#. Excitation power at the sample surfac
was kept below the ablation threshold of the gold film. T
local SHG from the droplet illuminated by the laser can
clearly seen in Fig. 5~b!, which was obtained using a far-fiel
microscope and a charge-coupled device camera. The c
section@Fig. 5~c!# of the second harmonic image indicat
the droplet edge as an origin of SHG. It should be not
however, that while the SH frequency plasmons experie
the critical surface effect near the edge of the droplet,
refractive index of glycerine is not sufficiently large for th
fundamental frequency plasmons to see it. Thus, 810
plasmons may only be trapped into the regular whisper
gallery modes near the edge of the droplet. On the ot
hand, the basic weak localization mechanism remains
same in the studied experimental situation.

Nonlinear optical effects put limits on the validity of th
effective metrics~3! or ~4!. While, this statement is true in
7-6
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LINEAR AND NONLINEAR OPTICS OF SURFACE- . . . PHYSICAL REVIEW B 69, 205417 ~2004!
general, it may not be valid for the lowest order nonlinea
ties. For example, the nonlinearities of the liquid dielectric
the form

ed5ed
(1)14px (3)E2, ~6!

whereed
(1) is the linear dielectric constant,x (3) is the third-

order nonlinear susceptibility of the liquid,E is the local
electric field, andx (3).0, which would be responsible fo
the self-focusing effect in three-dimensional optics, may le
to a ‘‘collapse’’ of the surface plasmon field near the critic
surface inside the droplet. This type of nonlinearity causes
effective attractive interaction of surface plasmons with e
other~here we consider the case of a central-symmetric n
linear liquid with x (2)50). Thus, we may imagine a situa
tion where a liquid droplet is illuminated with an intens
plasmon beam at a frequency belowvp /(11ed

(1))1/2, so that
a low-intensity plasmon field would not experience a critic
surface near the droplet edge. However, the increase in
droplet refractive index due to the high-intensity plasm
field will cause the plasmon field to collapse towards
arising critical surface. Such a self-focusing effect may ca
even stronger local-field enhancement. Since the effec
metric describing plasmon propagation@Eqs.~3! and~4!# re-
sembles the Rindler geometry, based on calculations in
3, one can describe the nonlinear luminescence resu
from the critical surface in this effect by an effective Haw
ing temperature

TH5
\ca

pkB
, ~7!

wherekB is the Boltzmann constant. For more details on
derivation of this result one may address,3 where it is also
demonstrated that cutting offc* nearx50 and inclusion of
the dispersion does not eliminate this radiation. In order
get a numerical estimate on this effective temperature
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must assume some realistic value ofa. Our approximation
of a slow adiabatically changingc* inside the droplet mean
that c* does not change considerably on the scale of
local wavelengthl* of surface plasmons. Thus, a good to
estimate fora should look likea,1/l;1/l0, wherel is
the plasmon wavelength far from the droplet, andl0 is the
wavelength of light in vacuum. As a result, the effecti
Hawking temperature of the critical surface in the describ
nonlinear self-focusing effect is of the order of

TH<
1

2p2

\vp

kB
;1000 K. ~8!

This value is reasonably large for experimental obser
tions. This thermal radiation may be observed in a pum
probe experimental arrangement as a thermal afterglow e
ted by the droplet after a short illuminating laser pulse.

The spectral range of such luminescence must be loc
betweenvp /(11ed)1/2 andvp/21/2.

In conclusion, we have introduced and observed exp
mentally surface plasmon whispering gallery modes in liq
microdroplets on the gold-film surfaces. Behavior of surfa
plasmons in such geometries may be formally described
ing three-dimensional curved space-time metrics. Dielec
microdroplets which support whispering gallery modes
shown to exhibit strongly enhanced nonlinear optical beh
ior in the frequency range near the surface plasmon re
nance of a metal-liquid interface. This enhancement may
responsible for the missing orders of magnitude of field
hancement in the surface enhanced Raman scattering e
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