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Linear and nonlinear optics of surface-plasmon whispering-gallery modes

Igor I. Smolyaninov and Christopher C. Davis
Department of Electrical and Computer Engineering, University of Maryland, College Park, Maryland 20742, USA
(Received 19 December 2003; revised manuscript received 18 March 2004; published 28 May 2004

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.

DOI: 10.1103/PhysRevB.69.205417 PACS nuni®er78.67—n, 04.70.Bw

[. INTRODUCTION where we will assume thad,,= 1—w§/w2 according to the
o o Drude model, and,, is the plasma frequency of the metal.
The emerging field of nanophotonics is based on the opThis dispersion law is shown in Fig.(d) for the cases of

tics of surface plasmon-polaritoh&ntil recently most work  metal-vacuum and metal-dielectric interfaces. It starts as a
on this basically two-dimension&RD) optics was concen-

trated on showing that in two dimensions one can success- glyeiin droplst

fully perform all the same optical experiments and build de- / Au film
vices, which were previously performed and/or built in . V. N
regular three-dimensional optics. Experiments with indi-
vidual metal nanoparticles and nanoparticle chains, in which
one can produce field localization and energy transport on
sub-diffraction-limited scale remain an exception. However,

N

illumination glass prism

it was understood that these are not 2D situations, and the
perception of 2D optics of surface plasmon-polaritons as a (@)
reduced copy of 3D optics prevails at the moment.

In this paper we are going to demonstrate a set of phe- s O=ck
nomena, which are based on an overlooked fundamental dis- ®
tinction between 2D and 3D optics. In 3D optics the range of 12 oo Mmetakvacuum
refractive indices of transparent materials is limited in the ) “?"/ ) - —
visible range by values of the order of 2.5. Below we will troquoney " |7 7 e IS
show that the effective refractive index; of a transparent ool metal-dielectric
dielectric droplet on the metal surface which supports op/(1+€4)
plasmon-polariton propagation may reach much larger val-

ues, which leads one to a host of unusual 2D optical devices
and phenomena. For example, the diffraction limit of a
plasmon-polariton field focusing by a transparent dielectric (b)
droplet shifts down to nanometer scal@n.; values, which
theoretically makes possible a 2D far-field optical micros-
copy with a similar-scale resolution. This issue will be ad-
dressed in a separate paper. On the other hand, large effective
refractive index of a dielectric droplet leads to very efficient
trapping of surface plasmon-polariton field in the whispering
gallery modes, which may lead to new understanding of such
phenomena as surface enhanced Raman scat(&iRS.

Let us consider in detail the dispersion law of a surface ()
plasmon(SP), which propagates along the metal-dielectric _ .
interface. The SP field decays exponentially both inside the FICG- 1. (&) Experimental geometry of surface plasmon whisper-
metal and the dielectric. Inside the dielectric the decay expo"d dallery mode observatioib) Surface plasmon dispersion laws
nent is roughly equal to the SP wave vector. As a first step |eflor the cases of metal-vacuum interface far from the droplet, for

us assume that both metal and dielectric completely fill thénetal-dielectric interface deep inside the droplet, and somewhere
respectivez<0 and z>0 half-spaces. In Suchpa Cayse the near the droplet edgéc) A surface plasmon trapped inside a droplet
disgersion law can be written ]az ) near the critical surface: The projection of surface plasmon momen-

tum parallel to the droplet edge must be conserved. Due to ex-

w2 eqen(®) tremely large effective_ refractive i_ndex near the_droplet edge sur-

:_L, ) face plasmons experience total internal reflection at almost any
c? €gtem(w) angle of incidence.

k.

| H
\ surface plasmon;
“critical surface”

k2
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“light line” in the respective dielectric at low frequencies the surface plasmon whispering gallery modes, even those
and approaches asymptotically=w,/(1+ eq)Y? at very  plasmons which propagate almost perpendicular to the drop-
large wave vectors. The latter frequency corresponds to thet boundary and could, in principle, be able to leave the
so-called surface plasmon resonance. Under the surface pladfoplet could not do it because of the surface roughness.
mon resonance conditions both phase and group velocity gfuch plasmons would be overwhelmingly scattered into the
the SPs is zero, and the surface charge and the normal coyhispering gallery modes and could not leave the droplet.
ponent of the electric field diverge. Since at every wave vecOn the other hand, all the incoming plasmons in this fre-
tor the SP dispersion law is located to the right of the “light quency range will be “sucked” into the whispering gallery
line,” the SP’s of the plane metal-dielectric interface are de-modes of the droplet by its huge effective refractive index.

coupled from the free-space photons due to the momenturhhus, the line just inside the droplet boundary where the
conservation law. surface plasmon resonance conditions are satisfied behaves

If a curved dielectric objecfsay, a droplet like in Fig. as @ critical surface. It accumulates SP's of a given resonant

1(a)] is placed on the metal surface, the SP dispersion lafrequency. . S

will be a function of the local thickness of the droplet and the We should also mentioned that the whispering gallery
local value of its dielectric constant, which may or may notmodes (WGM) also exist below the discussed frequency
be constant throughout the droplet. Deep inside the dropld@nge between,/(1+eg)* and w,/2"% so that the de-
far from its edges the SP dispersion law will look similar to scribed effect is more general. However, belayy/(1

the case of a metal-dielectric interface, whereas, near th& €a)"” the effective refractive index experienced by surface
edgeswhere the dielectric is thinngit will approach the SP plasmon-polaritons is of the order of 1, which makes the
dispersion law for the metal-vacuum interface. The behaviophysical situation look more like the usual three-dimensional
of the SP dispersion law for the range of intermediate thickcase. Since the properties of WGM in three dimensions are
nesses is somewhat more complicated: the dispersion curyather well establisheliyve will concentrate on the less usual
reaches a broad maximum followed by a very slow declinecase of WGM in betweem, /(1+ eq)*? and /2",
towardsw= w,/(1+ €4)? atk—co. However, this behavior

at very largek gets complicated by the effects of spatial Il. EFFECTIVE METRICS NEAR THE CRITICAL

dispersion, which bends the dispersion curve up again. In SURFACE

order to avoid these complications we may assume that the
spatial distribution of the dielectric constagj inside the
droplet is chosen by an experimenter such that at each ill

In principle, plasmon propagation near the critical surface
may be described geometrically by an effective metric using
S . 12 he approach described in Ref. 3. As we will demonstrate
mlnalt/|20n freque_ncy in the range _betweeg/(1+ ed). _and below, the effective metric represents the distribution of sur-
wp/2 ™ there will be a closed linear boundary inside theface lasmon phase velocity around the droplet in the metal
droplet for which the surface plasmon resonance conditions plasmon p Y rop
are satisfiedFigs. 1b) and 1¢)] plane, which may be helpful in understanding the 2D propa-

Let us show qualitatively that in the frequency range be_gation properties of surface plasmons. Quantitatively the ef-

tweenwp/(1+ed)1/2 and wp/21’2 the described boundary of fective metric experienced by surface plasmons near the

. droplet boundary may be written by introducing a local
the surface plasmon resonance behaves as a critical surfa : - -
. ' slowly varying SP phase velocitg* (x,y) = w/k(X,y), SO
which accumulates the energy of plasmon-polaritons propas;

AT ) . that the wave equation for surface plasmons may be written
gating in its vicinity. Let us consider a surface plasmon with
a frequency just below the frequency of the surface plasmon
resonance at a given location inside the droplet. Such a SP is 72 2 P2
effectively trapped inside the droplet in one of the whisper- ( ) =0,
ing gallery modes near the critical surface, due to the fact
that the effective refractive index of the droplet seen by th
SP is very largdFig. 1(c)]. The fact that surface plasmons
which are localized in nanometer-scale metal particles had ds?=c*2dt?—dx?>—dy>. 3
been previously observed in the experintérindicates that
the effective refractive index seen by the surface plasmons The behavior ofc* (x,y) is defined by the shape and
may reach at leagt.;~1000. The fact that the droplet is thickness of the droplet near its ed@enecessary, the drop-
large means that ray optics may be used. Since the comptet may be replaced by a similar shaped layer of solid dielec-
nent of the SP momentum parallel to the droplet boundaryric), by the thickness of the metal film, and by the frequency
has to be conserved, such a SP will be totally internally reof the surface plasmons. In order to simplify situation, let us
flected by the droplet boundary back inside the droplet atonsider a thin metal membrane with two “linear” droplets
almost any angle of incidence. This is a simple consequenggositioned symmetrically on both sides of the membrane
of the fact that at the critical boundary of the surface plas{Fig. 2], and assume the frequency range of incoming SP’s
mon resonanc@ocated just inside the drop)ethe effective  to be small so that we can neglect the dispersion of the metal
refractive index of the droplet as seen by the surface plasand the dielectric. The droplets thicknesses<atO corre-
mons is infinite[according to Eq(1), both phase and group spond to the surface plasmon resonance at the illumination
velocity of surface plasmons is zero at surface plasmon resdrequency. The droplets taper off adiabatically in positive and
nancd. In addition, due to the very large density of states ofnegativex directions on both sides of the membrane. In the

2
c*2gt>  ax?  oy?

Swvhich corresponds to an effective metric
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absorbed layer of dielectric over the metal surface. The ef-
fects of these factors on the phase velocity of surface plas-
mons are complimentary to each other, which may be seen
T from thg dispgrsion law of surface plasmqns in.a three-layer

metal-dielectric-vacuum geometry described in numerous
X publications(see for example Ref.)2In the limit of small
plasmon phase velocities'/c<1 the phase velocity can be
found by solving the following nonlinear equation:

T c*2 (1 1) (es~1)[1 1 20d
== J— ———lexp — —=]|,
) c? €4 €m/ (egt1l)\eq €y cy*?
o =ck (5)
(D ".
y so that one can vary eithey; or d in order to achieve the
/21/2 T T metal-vacuum . . .
Op ;/ . same desired phase velocity at a given frequan@nd at a
ilumination K- = fopletiedge given location on the metal surface. Finally, the use of opti-

cally active dielectric produces an effective Kerr metric near
the critical surface as described in Ref. 6. This geometry may
be quite important from the point of view of practical appli-
cations. In the frequency range where the critical surface
exists only for ondleft or right) kind of plasmon-polaritons,

b the array of such droplets will behave as a medium which

exhibits giant planar optical activity. Such media are being
FIG. 2. (a) A thin metal membrane with two “linear” droplets  actively developed at the momeht.

positioned symmetrically on both sides of the membrane. The criti-

cal surface is located at=0. Such geometry emulates the effective

space-time geometry considered in Ref.(I3. Dispersion laws of IIl. EXPERIMENTAL OBSERVATIONS OF SURFACE
the w_ and w, modes exhibit positive and negative dispersion, PLASMON WHISPERING GALLERY MODES
respectively, near the surface plasmon resonance. These branches
are shown for the cases of metal-vacuum interface far from th
droplets, and for the locations nea+0.

op/(14e0)? | fFr—

The surface plasmon whispering gallery modes described
%bove are extremely easy to make and observe. In our ex-
periments a small droplet of glycerin was placed on the gold
. film surface and further smeared over the surface using lens
symmetric membrane geometry the surface plasmon Spef)’aper, so that a large number of glycerin microdroplets were

trum_consists of two brgnche_s, and o, . which exhibit formed on the surfacgFig. 3(@)]. These microdroplets were
positive and negative dispersion, respectively, near the SUlluminated with white light through the glass prisfig.

face plasmon resonanédsigure 2b) shows the dispersion 1@] in the so-called Kretschman geometryThe

;:urvefs O]f bOthhbra:anh?s for th de fcasEs ?f mgtal-vaculrjom R retschman geometry allows for efficient SP excitation on
ac$h ar r_qml'[ N frop eég,, an ? tbe ocations n)ead .. the gold-vacuum interface due to phase matching between
e critical surface discussed above corresponds™o  yhe Sp's and photons in the glass prism. As a result, SP’s

=0 atx=0. The behavior of*(x) nearx=0 may be de- \yere |aunched into the gold film area around the droplet.
fined at will by choosing the corresponding geomésyape  ppqiagraph taken under a microscope of one of such micro-

and dielectric constant distributiprof the droplet edge. In droplets is shown in Fig.(8). The white rim of light near the

order to adhfre to the metric considered in Ref. 3 let Ugqge of the droplet is clearly seen. It corresponds to the
assume that™ = axc in the vicinity of x=0. However, we  qhaiia| |ocation of the surface plasmon whispering gallery
should remember that this linear behavior will be cut off ,q4es just outside the critical surface inside the droplet,
somewhere near the critical surface due to such effects ggnich has been described above. A small portion of the SP
Landau dallmplnﬁ,lo'sses in the metal and the dielectric, eiC. fig|q has been scattered out of the two-dimensional surface
The resulting effective metric now looks like plasmon world into normal three-dimensional photons.
These photons produced the image in Fi¢h)3We also
ds’= a®x*c?dt®—dx*—dy?. (49 conducted near-field optical measurements of the local sur-
face plasmon field distribution around the droplet boundary
This particular choice of the shape of the droplet edgeFigs. 3c), 3(d), and 3e) using a sharp tapered optical fiber
gives rise to an effective Rindler geometr¢hoosing a dif- as a microscope tip. These measurements were performed
ferent behavior ot* (x) nearx=0 will lead to a different similar to the measurements of surface plasmon scattering by
effective metric. For example, the choice of =px?c individual surface defects described in Ref. 8. The droplet
would produce the Reissner-Nordstrom metric near the critiwas illuminated with 488 nm laser light in the Kretschman
cal surface. These various choices of the effective metrigeometry. The tip of the microscope was able to penetrate
may be made possible by choosing the appropriate dielectrioside the glycerin droplet, and measure the local plasmon
constantey(x,y) and/or thicknessl(x,y) distribution of the field distribution both inside and outside the droplet. Inside
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FIG. 3. Far-field(a), (b) and
(a) - . (b) e 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 1am. (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(@)]. The white rim
around the droplet boundary cor-
responds to the surface plasmons
trapped in the whispering gallery
e modes near the critical surface in-
(d) side the droplet(c) and (d) show
10X 10 um? topographical and
near-field optical images of a

350 - similar droplet boundarydroplet
1 is located in the right half of the
300 image$ illuminated with 488 nm

laser light. Cross sections of both
images are shown ife). Position
of a droplet boundary is indicated
by the arrow.

250

200

150

"topography"
.

100 4

50 —

Near-field optical signal (arb. units)

Distance (um)

(e)

the droplet(in the right half of the imagesthe shear-force below w,/(1+ €4)Y2 can be excited directly inside the drop-
image (c) corresponds to the increase in viscous frictionlets. This might result in somewhat better coupling to whis-
rather than the droplet topography. However, this image acpering gallery modes. However, for most liquids in the
curately represents the location of the droplet boundaryKretschman geometry this would require the use of prisms
shown by the arrow in Fig.(8). The sharp and narrow local with much larger refractive index and illumination at much
maximum of the surface plasmon field just inside the droplesteeper angles, which could result in reduced coupling effi-
near its boundary is clearly visible in the near-field imageciency. The detailed answer to power coupling problem
Fig. 3(d) and its cross section Fig(&. This feature repre- would require further detailed study.
sents the behavior of SP field near the critical surface. The SP whispering gallery phenomenon shown in Fig.
We should also mention that SP’s in the frequency rangé&(b) is potentially a very interesting effect in surface plas-
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mon optics. Whispering gallery modes, which are well 4z

generated 20

known in the optics of light in droplets and other spherical light incident laser

dielectric particles, are known to substantially enhance non- o light

linear optical phenomena due to cavity quantum electrody-a)

namic effects.One may expect even higher enhancement of backscattered surfacea/

nonlinear optical mixing in liquid droplets on the metal sur- 2 node mode Oangle
faces due to enhancement of surface electromagnetic fiel v o “

inherent to surface plasmon excitation, and in addition, due v Na N, META,} SYREALE, 7,
to accumulation of SP energy near the critical surface in the
vicinity of the droplet boundaries. This strong enhancement
of nonlinear optical effects in liquid droplets may be very
useful in chemical and biological sensing applications. It
may also be responsible for the missing orders of magnitudep,)

? i . X backscattered surface ©
of field enhancement in the SERS effésince various plas- mode mode
mon excitations are believed to play a major role in SERS.

SURFACE PLASMON CRITICAL SURFACE
(DROPLET EDGE)

IV. NONLINEAR OPTICS OF SURFACE PLASMON TX
WHISPERING GALLERY MODES

»x

Az generated 20

plasmon

incident ®
plasmon

FIG. 4. (8 Strong enhancement of second harmonic emission

The current explanation of SERS is based on the combifrom a randomly rough metal surface in the direction normal to the
nation of electromagnetic and “chemical” enhancemeénts. surface. A typical angular distribution of the diffuse second har-

The current calculations of the electromagnetic field en./monic light is shown in the inseth) Second harmonic generation

hancement take into account “electrostatic” field enhance€&r the critical surface. Surface roughness is represented by a

ment at the apices of various surface protrusiahe “light- rough droplet edge. Second harmonic plasmons emitted perpendicu-
ning rod effect), and the local-field enhancement due to lar to the surface have the best chances to escape the droplet.
excitation of various localized surface plasmon modes in the
crevices of the rough metal film. In addition, various weakis the cavity quality factof.For the surface plasmons in the
and strong surface plasmon localization effects are consid4sible rangeQ may be estimated roughly @3~Lng¢/X,
ered in combination with the consideration of a rough metaWwhereL is the surface plasmon free propagation lengthXxnd
surface as a fractal objett.The “chemical” enhancement is the light wavelength in vacuum. Taking into account the
was proposed as an explanation for the quite a few missintypical theoretical value df ~40 wm (Ref. 1)) in the visible
orders of magnitude in theoretically calculated optical-fieldrange,Q~200 may be obtained. Thus, such surface plasmon
enhancement, which follows from the magnitude of the ex-whispering galleries may provide considerable SERS en-
perimentally measured SERS signalShe “chemical” en-  hancements on top of the local electromagnetic enhancement
hancement may happen if the molecular energy levels aréue to other effects associated with the surface roughness.
affected by the proximity to the rough metal surface, and are The effects of surface roughness on the properties of plas-
drawn into resonance with the excitation field. mons near the critical surface have not been considered so
SERS observations are usually conducted under not sfar. Wave propagation and localization phenomena in ran-
well controlled conditions when the surface topography isdom media have been the topic of extensive studies during
not well-known and “dirty” (the target molecules are present the last years? One of the most striking examples of such
on the surface in random location©n the other hand, itis phenomena is the strong and narrow peak of diffuse second
well known that even monolayer surface coverages consicharmonic light emission observed in the direction normal to
erably shift plasmon resonariceof the metal-vacuum inter- a randomly rough metal surfagsee Fig. 4a)]. This peak is
face. It is reasonable to suggest that some areas of th#bserved under the coherent illumination at any angle. This
“dirty” metal surface may contain compact areas coveredeffect was initially predicted theoreticalfy and later ob-
with the multiple layers of the target or solvent moleculesserved in the experiment.The enhanced second harmonic
(even if there are no droplets on the surfa@uch compact peak normal to the mean surface arises from the fact that a
areas would affect surface plasmon propagation in a waytate of momenturk introduced into a weakly localized sys-
which is very similar to the effect of the droplets consideredtem will encounter a significant amount of backscattering
above: surface plasmon critical surfaces may appear near tligo states of momentum centered abetk. When these
boundaries of such areas. Experimental data shown in Fig. 8urfacek and —k modes of frequencw interact through an
and the theoretical arguments above strongly indicate that theptical nonlinearity to generate«?radiative modes, thea2
local-field enhancement near these boundaries may be colight has nonzero wave vector components only perpendicu-
siderable. Even the data shown in Fige)®btained with the lar to the mean surface. The angular width of the normal
limited optical resolution of the order of 100 fiimdicate at peak can be as small as a few degrees, and its amplitude far
least ten-fold enhancement of the square of the local-fieléxceeds the diffuse omnidirectional second harmonic back-
intensity near the droplet boundary. In the physical picture ofyround.
surface plasmon whispering gallery modes the local SERS Similar weak localization effects may be expected for the
signal may be expected to grow by a factor@f, whereQ  surface plasmon modes, which are trapped near the critical
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(a) (b) FIG. 5. (a) Microscopic image
of the glycerin droplet under nor-
i mal illumination.(b) SHG is seen
30000 4 from the droplet illuminated by
810 nm Ti:sapphire laser light in
the Kretschman geometry shown
in Fig. 1(@). The cross sectiofr)
of the second harmonic imagb)
indicates the droplet edge as an
origin of SHG.

25000 -

20000

15000

10000 -

5000

Second Harmonic Intensity (arb. units)

Distance (um)

(c)

surface of the droplet when the metal surface exhibits modrear the dielectric droplets. The droplet shown in Fig) 5
erate roughness. Similar to the case of planar roughvas illuminated by the weakly focused bedittuminated
surfacet®>'* the momentum component parallel to the edgespot diameter on the order of %0m) from a Ti:sapphire

of the droplet must be conserved in nonlinear optical prodaser system consisting of an oscillator and a regenerative
cesses. This means that while the surface plastnand amplifier operating at 810 nifrepetition rate up to 250 kHz,
—k modes of frequency, which interact through an optical 100 fs pulse duration, and up to }Q) pulse energy which
nonlinearity, generate @ modes, the @ plasmons could Was dlrec;ed onto the _sample surface in the Kretschman ge-
have nonzero wave vector component only perpendicular t8Metry [Fig. 1(@]. Excitation power at the sample surface
the mean edge of the droplfig. 4(b)]. Thus, weak local- Was kept below the ablation threshold of the gold film. The

ization effects in the scattering of SP’s near the critical Sur_lcl)caI|SHG frme_the dropr:gthillumin%tteq bé th(’." Iasefr C?nlge
face should produce a pronounced peak in the angular distrfh(iecargsggg ;nn dlg' (gzé\\r’\\c’]el-cconv&zg dg\l/ri]ge g;mgr?\ él'rr}éecross
bution of second harmonics of plas_r_nons in the OIIreCtlonsection[Fig. 5(c)] of the second harmonic image indicates
normal t(.) the_dro_plet edge. _In addition, because of SUCIi?he droplet edge as an origin of SHG. It should be noted,
propagation dwectmr{perpendlcular to the droplet edge however, that while the SH frequency plasmons experience
these second harmonic plasmons have the best chances critical surface effect near the edge of the droplet, the
escape .the V|p|n|ty of the critical surche. As_a result, therefractive index of glycerine is not sufficiently large for the
relative intensity of the second harmonic radiation due to th, gamental frequency plasmons to see it. Thus, 810 nm
Weak |OC_a|I2atI0n effect near: the droplet edge W|”-be mUChp|asmonS may only be trapped into the regu'ar Whispering
higher with respect to the diffuse second harmonic generagallery modes near the edge of the droplet. On the other
tion (SHG) than in the case of planar rough surface. Thehand, the basic weak localization mechanism remains the
diffuse SH plasmons would remain trapped near the criticakame in the studied experimental situation.

surface. Nonlinear optical effects put limits on the validity of the

Our experiments strongly indicate enhancement of SHGffective metrics(3) or (4). While, this statement is true in
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general, it may not be valid for the lowest order nonlineari-must assume some realistic value caaf Our approximation
ties. For example, the nonlinearities of the liquid dielectric ofof a slow adiabatically changing* inside the droplet means
the form that c* does not change considerably on the scale of the
W @2 Iocgl wavelength\* of surfaf:e plasmons. Thus, a googl top
€q=¢€g +a4mxES, (6)  estimate fora should look likea< 1/\~1/\y, Where\ is

where e is the linear dielectric constang® is the third- ~ the plasmon wavelength far from the droplet, aqglis the

order nonlinear susceptibility of the liquiE is the local ~Wavelength of light in vacuum. As a result, the effective
electric field, andy®>0, which would be responsible for Hawking temperature of the critical surface in the described

the self-focusing effect in three-dimensional optics, may leadionlinéar self-focusing effect is of the order of
to a “collapse” of the surface plasmon field near the critical
surface inside the droplet. This type of nonlinearity causes an
effective attractive interaction of surface plasmons with each
other(here we consider the case of a central-symmetric non-
linear liquid with x?)=0). Thus, we may imagine a situa-

tion where a liquid droplet is illuminated with an intense .. . e .
(AN 1/2 tions. This thermal radiation may be observed in a pump-
plasmon beam at a frequency belay/(1+€5) ™, so that b . | h | afteral .
low-intensity plasmon field would not experience a criticalpro € experimental arrangement as a thermal afterglow emit-
a ted by the droplet after a short illuminating laser pulse.

ZLchr)faIZte rr(]aef?arcg:/ee d;}%'%'it deudeg?(.) Tr?évi\i/er:'-iﬁir:rs]ﬁrealsaesmot:e The spectral range of such luminescence must be located
b g Y P betweenw, /(1+ eg) /2 and w, /22

field will cause the plasmon field to collapse towards an In conclusion, we have introduced and observed experi-

arising critical surface. Such a self-focusing effect may Caus?nentally surface plasmon whispering gallery modes in liquid

fnveef[?ics;fsncgr?giAocﬁgzﬂgnenﬂ)agcea?ggs ?é;‘gi;?j;]erg?c“vﬁwicrodroplets on the gold-film surfaces. Behavior of surface
9p propag : lasmons in such geometries may be formally described us-

sembles the Rindler geometry, based on calculations in Re ng three-dimensional curved space-time metrics. Dielectric

o B TeSeerce oo hctodropes which Suppor whspern galery modes are
ing temperature shown to exhibit strongly enhanced nonlinear optical behav-
ior in the frequency range near the surface plasmon reso-
heca nance of a metal-liquid interface. This enhancement may be
THz—k, (7) responsible for the missing orders of magnitude of field en-
™8 hancement in the surface enhanced Raman scattering effect.
wherekg is the Boltzmann constant. For more details on the
derivation of this resul_t one may addré’swhefe it is also ACKNOWLEDGMENT
demonstrated that cutting off nearx=0 and inclusion of
the dispersion does not eliminate this radiation. In order to This work has been supported in part by the NSF Grants
get a numerical estimate on this effective temperature wé&os. ECS-0210438 and ECS-0304046.
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