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Experimental observation of percolation-enhanced nonlinear light scattering
from semicontinuous metal films
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Strongly enhanced second-harmonic generdi®G), which is characterized by a nearly isotropic intensity
distribution, is observed for gold-glass films near the percolation threshold. The diffuselike SHG scattering,
which can be thought of as nonlinear critical opalescence, is in sharp contrast with highly collimaged
reflection and transmission from these nanostructured semicontinuous metal films. Our observations, which can
be explained by giant fluctuations of local nonlinear sources for SHG due to plasmon localization, verify recent
predictions of percolation-enhanced nonlinear scattering.
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When metal is evaporated or sputtered onto an insulatingrast, PENS is caused by tgéant nm-scale field fluctuations
substrate and the metal filling factpiis gradually increased, resulting from plasmon localizatichThe intensity of non-
the coalescence between initially isolated metal granules rdinear scattering at frequenayw is ~(a/\)*((11oc/10)"™);
sults in the formation of irregularly shaped fractal clusters ofthus the strongly fluctuating local sources for the light
the metal particles. At percolationp€p.), an extended are enhanced by the factol{./1y)", which is very large
metal cluster spans over the entire sample, and the insulataind increases with. Hence the role of field fluctuations is
metal phase transition occurs in the fitnMetal-dielectric ~ dramatically increased for nonlinear scattering. When
films close to the percolation thresholdlso referred to as  (a/\)*((I,c/10)"y>1, the total diffuse component in the
percolation or semicontinuous filnshow remarkable opti- scattered light from a percolation film can be much larger
cal properties resulting from disorder-induced localization ofthan the coherent signal radiated in the specularly reflected
plasmons. The plasmon localization leads to the electromagand transmitted directioffsThe PENS effect can be thought
netic energy being concentrated in sharp nm-sized peaksf asnonlinearcritical opalescence resulting from Anderson
“hot spots.” The local fields in such hot spots have beenlocalization of plasmons in the film. The dominance of the
shown to be enhanced enormously, with the intenkigy  diffuse component is in sharp contrastliteear light scatter-
exceeding the applied intensity by four to five orders of ing (n=1), which is still expected to be dominated by the
magnitud€’. The local fields exhibit giant fluctuations over highly directional reflected and transmitted bearéus the
the film in amplitude, phase, and polarization. The local-fieldcentral theoretical prediction for the PENS effect is that per-
enhancements associated with the hot spots are important foolation metal films should be strongly scattering for nonlin-
amplifying nonlinear optical processes such as surfaceear signals, with a broad, nearly isotropic angular intensity

enhanced Raman scatteri@ERS.> distribution, while for linear scattering the diffuse compo-
One of most interesting theoretical predictions for percomnent, although enhanced, still remains relatively small.
lation films is that nonlinear light scattering at théh fre- In this article, we experimentally verify the existence of

quency harmonimw of an incident beam can be signifi- the PENS effect. We show that strongly enhanced second-
cantly enhanced and it is characterized by a broad, nearlyarmonic generatiofSHG), which is characterized by a
isotropic angular distributioh. The enhancechw diffuse  broad angular distribution, is observed on gold-glass films
scattering from percolation films was denoted in Ref. 4 asear the percolation threshold. The diffuselike SHG scatter-
percolation-enhanced nonlinear scatter(RENS. At first  ing contrasts with highly directiondinear reflection and
glance, the PENS effect is surprising since a nanostructureiansmission from these nanostructured films. Our observa-
percolation film is, on average, homogeneous on the mitions are in agreement with theoretical calculations of the
crometer scale, so that there are no wavelength-sized spedRENS effect performed here for SHG on gold-glass percola-
les on the film which could result in conventional diffuse tion films.

light scattering. Indeed, if the inhomogeneity scalef local Samples of percolation metal films were prepared by
field fluctuations is much smaller than the wavelengttthe  evaporating gold thin filmg10 nm thicknesson a glass
diffuse component in linear scattering, which is substrate at room temperature under ultrahigh vacuum
~(a/\)41 e}, (the angular brackets stand for averaging(10~° Torr) % In order to determine how close to the perco-
over the film), is negligible, since @/\)*<1 and the mean lation threshold the films were, the resistivity and the depos-
local field, typically, is relatively smalkl,.)/1o=<1.In con- ited mass thickness were measured during film deposition.
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Optical reflection and transmission of the samples were dew L= 17x10
termined outside the vacuum chamber and compared witlg B i F

the known optical properties of percolation sampl@sans- 8 11
mission electron microscopy was performed by depositing@
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the same film on a Cu grid covered by a very thin Si&yer. ? 5 20 .
A transmission electron microscoff€EM) image of a part —r 0
of a percolation gold film is shown in Fig. 1. For compari- P
son, we also deposited smooth continuous gold films undel °*r—TF T VT T T T 0

! . .. -80 -40 0 40 80 120 160 200 240
the same deposition conditions. Angle of Detection [deg]

To obtain SHG from a metal film, we used a pulsed light (b)
beam at three different wavelengths, .= 770,800, and 920 FIG. 2. (a) Linear reflection and transmission at frequeney

nm (corresponding to fundamental frequencigsgenerated  5nq giffuselike PENSat frequencynw) from a percolation metal-
by a Ti:sapphire lasefpulse duration 150 jsthe beam was gielectric film. (b) Angular distributions of reflected and transmitted
focused on a & 10° um? area of the film and was incident at jignt (lines and of SHG (symbol3 from percolation gold-glass
—45° with respect to the film normal, as shown in Figa)2  fiim; the polarizations of the incident light are indicated. The gap in
Measurements were performed for bstandp polarizations  the SHG data near 45° is due to the geometry of the excitation
of the incident light. Linear and nonlinear light scattering setup. Inset: intensity dependence for diffuse SHG detected at 0°.
from the percolation metal film results in coherent beams in
the specularly reflected and transmitted directions and also in In addition to the coherent SHG component at 45° and
diffuse light as shown in Fig.(2). The scattered light was 135°, a strong diffuselike signal, characterized by a broad
detected by a photomultiplier using photon counting and inangular distribution, was measured ab,2as seen in Fig.
terference filters for spectral selection. For comparison, we(b). The intensity of this diffuse component exhibits tife
also studied linear scattering and reflection of incident lightdependence expected for SHG, as illustrated in the inset of
at 400 nm and 800 nm. For angular dependence measurBig. 2(b) for the normal direction 0°. The totalangle-
ments, the photomultiplier was moved around the sampleintegrated intensity of this diffuse SHG component exceeds
Light scattering by both percolation and continuous goldthe intensity of the coherent beam reflected in the specular
films was studied and compared. direction by a factor of 350, fop-polarized incident light,
Results of our experimental SHG studies obtained on perand by 18, for s-polarized light. It is important to note that
colation films are shown in Fig.(B). Here, coherent SHG the highlydiffusecharacter of this SHG component is a sig-
signals were detected aty.;=400 nm (corresponding to nature of the predicted PENS effect. Two more observations
2w) in the specularly reflected and transmitted directionsare also important: The diffuse SHG intensity has roughly a
45° and 135°, respectively. Using a small pinhole in front ofcosine angle dependence, and it is about the same forsboth
the photomultiplier and high angular resolution, these SHGand p polarizations of the incident beam. Both observations
signals were found to have a Gaussian intensity distributiomndicate nearly random orientation of the nm-scale nonlinear
as a function of detection angle, with a narrow width of sources for the diffuse SHG. This conclusion is consistent
about 1° (not shown. For p polarization of the incident with Anderson localization of plasmons in percolation filfns.
beam, the coherent SHG component radiated in the specé&ll SHG measurements described above were also done at
larly reflected direction is about 3 times larger than $or the fundamental wavelengths.,.=770 and 920 nm. We
polarization. This difference indicates that for the specularlyobtained qualitatively very similar resul{aot shown here
reflected signal, the usual dominance of the SHG fromas in the case of.,.=800 nm but with different quantita-
p-polarized excitation over that frommpolarized excitation, tive ratios of the diffuselike scattered and collimated signal
which is known from flat continuous metal surfadds,pre-  intensities from the percolation film.
served, to some extent. For comparison,linear scattering of incident light at
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Nget=Nexc=400 nm and 800 nm was also measured on the The nonlinear local currenf$” are strongly enhanced in
same gold-glass percolation filfsolid and dashed lines in areas of plasmon localization. As discussed above, these ex-

Fig. 2(b), respectively. In contrast to the SHG signal, the tremely sharp peaks of nonlinear light sources are spatially

angle-integrated diffuse component is smaller than the Coms_.eparated on the film. Because of the gigantic spatial fluctua-

ponents of the linear signal in the reflected and transmitte{j}gtri'rsn’attz(ej dallf;fzj_s(,ne).ggmr;orisat_(81°|Zt>hef;><|scatéerl|r12g|;EcT1£>be
directions by a factor of 240. In other words, the percolation Iy lr ] €notnol 1Eol /-

gold film acts as a nearly perfeemitransparepmirror for 1S component is much larger than the cohererulli-

. . . . . . i(nmy|2 ny|2 -
linear scattering. This observation confirms the theoretica ateddczrr}ponerr]lt(jl >|| z.|<|6”wE.“wEw>| I thise forlmu
expectation that linear scattering from percolation films is as and below, the local dielectric constahy, takes values

much less diffuse than PENS. of € n, (With probability p) and eq4 (with probability 1

- . : . —p) for the metal and dielectric, respectively. Note also that
Similar measurements of linear and nonlinear light scat- . ?

; . . we take into account enhancement for the fields at both fun-
tering were also performed aontinuous(i.e., smooth gold

) . ) damental frequency and generated frequencyw.

f.llms. As expected for_ such fllrﬁs‘f both_ linearly scattered PENS can formally be written 4sS=G™| . where
light and SHG were hlgh!y cqlllmated in the specularly " .., in the case under consideration, is the signal intensity
flected and transmitted directiofisot shown herg The di-

: s . " from a continuous metal film anG™ is the enhancement
rectional characteristics of SHG from continuous gold films¢,.tor for a semicontinuous film. Thus(™ gives the ratio of

thus contrast strongly with those from percolation films,ihe nonlinear signals from “broken” and “perfect” mirrors,
where they are predominantly diffuselike. In addition, therepresenting semicontinuous and continuous films, respec-
total, i.e., angle-integrated, SHG intensity is very different: tjyely. As follows from the consideration above, the diffuse
when Compared to the SHG beam reflected from a ContinUpart of enhancemenGgi]% , Strong'y exceeds the collimated
ous gold film, the total diffuse SHG intensity from & perco- part, (", so thatG™~G{) and it is estimated db:
lation gold film is greater by a factor of 60, fgrpolarized

incident beam, and by roughly 40for s polarization. This M= (ka)® (| €n0Enol?|Eul®™)
enhancement of the total SHG is explained as a consequence air=(ka) lem noEQZE@)2n’

of the huge local-field enhancement provided by the plasmon 0) ) ) i
localization in percolation films. Similar comparisons of WhereE,” and E;; are the appliedprobed fields at the

SHG intensities from percolation and continuous gold filmsfundamental and generated frequenciAe_s. _ _
Although the “Rayleigh factor” ka)” in Eq. (1) is typi-

were also performed at other wavelengthsA\At= 385 and I e p itha~50 h , )
460 nm, we obtained enhancement factors of roughly 50 ant® x_sma [o”r our films witha=50 nm, QN era 'S_f typl-
cal “in-plane” size of metal grains, Ka)*~2x10 <], the

90, respectively, fop-polarized SHG. Therefore we can con- . . .
P Y, Top-p resultant field-enhancement factor for nonlinear scattering,

clude that the enhancement increases toward larger wave-. . L .
. ) ) With n=2, can still be very large. This is in contrast to linear
lengths. This wavelength dependence will be discussed in . -
- . . scattering i=1) where the specularly reflected component

more detail in the theoretical part of this paper.

. . . for semicontinuous metal films, typically, exceeds the diffuse
It is worth noting that all experiments reported above

L v of e scattering. With increase of the order of nonlinearity, en-
were performed below an excitation intensity oF IW/cn™,  pancement factors increase for both diffuse and collimated

where only the fundamental beam)at-800 nm and SHG  scattering, but the diffuse component increases at much
atA=400 nm could be detected; all other spectral compogyreater rates. As a result, PENS is essentially a nonlinear
nents were below the detection limit. However, aboveeffect and becomes progressive|y |arger for h|gher nonlin-
10° W/cn? a continuum background radiation in a broad earities.

spectral range was detected. This plasmon-enhanced white For comparison, we also give the enhancement factor
light generation was observed earlier in Ref. 9. G for the collimatednw signal on a semicontinuous film

To shed more light on our observations, below we extendas compared to a continuous film
the theory of the PENS effect from Ref. 4 and apply it to the
experiments described above. Specifically, we calculate the - [{€noEnoEm)|?
diffuse component of SHG from a percolation gold film and Ge'= (0)12|=(0)12n "

e l€m nwEnl?IEL]
compare it with the specularly reflected SHG from both per- m neTnel e
colation and continuous gold films. The theory supports ouThe PENS effect can formally be expressedza@sG{" .
explanation of the experimental observations in terms of In estimates below we use the Drude formula for a dielec-
PENS. tric constant of metale(w)=eo— (w,/w)¥[1+iw,/w],

By using the standard approach of scattering thearg, wheree is a contribution toe,,, due to interband transitions.
obtain that the integral scattering intensity in all but specFor gold, =7,0,=9.2 eV, andw,=0.06 eV; for glass,
ular directions is given by S=(4k2/3c)f((j§'l‘)«j§’2‘)*> eq=2.2. First we estimat&'" . Since there is little correla-
—(j™)|?)dr,dr,, wherek=w/c, andj™ is a nonlinear lo-  tion in the field distribution aw and nw we can use the
cal current serving as a local source for the scattered light. Adecoupling( e, En,E5)— (€n,En,)(Eq). Then we estimate
in Ref. 5, we assume that the integrand vanishes for dis(—enwEnw)Eee,nwEﬁ%):\/em,nwedEg(B, where we used the
tances r<\, where r=r,—ry; therefore, we omit the exact result for the effective dielectric constaaf in
exp(k-r) term. a 2d percolation system:e.=+eneq. Using then the

D)

(2
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agreement with our experimental results. The increase of the
enhancement factor with wavelength experimentally ob-

—scaling theory
A experiment

. 4000 served here thus confirms the wavelength dependence of the
g 3000 local fields predicted by the theory in Ref. 2.
N The inset in Fig. 3 shows the theoretical results over a
© 20001 102 wider wavelength range. In addition to the results of the
1000 10 scaling analysis, also the results from numerical simulations
. — r 10 which were performed using the real-space renormalization
075 080 085 090 095 group described in detail in our previous publicatidsse,

Wavelength [m for example, Ref. pare shown. As seen in the inset of Fig. 3,

FIG. 3. Normalized PENS enhancement factor for SHG,the results of the two calculations are in good accord. Both
G5H(ka)*, as a function of wavelength for a percolation gold- calculations predict a flattening of the wavelength depen-
glass film. The solid line is the result of theoretical form(a The  dence ofGj{% (ka)* beyond~1.5um, and a subsequent
solid triangles are the enhancement factor determined from SHG|ight decrease. This behavior is due to the fact that for very
measurements at _the fundamental wavelgngths 770, 800, and 9?&ge wavelengths, the rate at which the diffuse SHG from a
nm. Inset: theoretical data of the normalized PENS enhancemerts micontinuous metal film increases withis less than the
factor for SHG over a broad spectral range. The solid line is the 540 of increase for collimated SHG from a continuous metal
result of theoretical formul&d), and the squares are the results of film. so that the ratio of these two SHG intensities becomes
numerical simulations based on HG). smallller.

We also compare the diffuse scattering for linear Rayleigh
scattering,G{}}, with the PENS at &, G{&)=G3}®. For
Nexc=800 nm, for example, we detected in our experiments
that G{H)=0.012 andG3{®=63, so that for their ratio we
have G3{%G{}=5250. This enhancement results mainly
from the enhancement of the local field at the fundamental
lfrequency at\ =800 nm; therefore, for simplicity, we ne-
'glect the small enhancement a{2=400 nm. Then, the
'theory predicts that G5 %G H=(|E/Eo|*)/(|E/E|?)
~ | eml® (e4€?) ~10%, for 800 nm(whereE, is the applied
field). Thus, our experimental observations, in accord with
theory, imply that the fourth order of the field enhancement

estimate for (E") (see Ref. 2 we find that GI"

~en2 lem ol" (€l no€q?). With the Drude formula for

m, Nw
€m, we find thatG" ~(n%/ e} ) w3 P w?" 1) ie,
for n>2, it reaches the maximumG{"~(n?% e} ?)
(0p/w,)?"2>1 at w~w,. The estimates show that the
collimated nonlinear signal from a semicontinuous meta
film is enhanced in comparison with a continuous metal film
for third and higher harmonics, but not for SHG. Indeed
experimentally we finds>H¢=0.1.

By applying the scaling analysis of Ref. 2 to E@), we
obtain the following estimate for the diffuse PENS:

G le |13, [20-12) exceeds the second order by ro_ughly fou_r ord_ers of magni-
dif =(al&y)™ m Ne m o (3) tude. To our best knowledge, this is the first direct observa-
(ka)* €n tem nwenn t tion of the increase of optical enhancement with the order of

. . . L optical nonlinearity.
wherea is the grain size and, is the Anderson localization It is worth noting that PENS is anticipated to be a robust

length in the special case ef,= —eq. According t0 EQ(3)  effect. As predicted in Ref. 2, the enhanced nonlinear scat-
PENS rapidly disappears if there is no plasmon localizationyering resulting from localized plasmons can occur provided
i.e., if {p/a—c. For estimates below we usg/a~1.6, that the field correlation length is smaller than the percola-
which is consistent with our previous simulations and experiyion |ength characterizing the mean size of fractal metal clus-

mental measuremerts. _ _ ters on the film. This condition results in the following esti-
— _ g
For SHG (1=2) formula(3) gives the estimate mate for a metal concentration rany@=p—p., where the
He " o effect occurs: Ap= €3 wlwy) . As follows from this es-
dif ~(alé )8|6m,2w| | €m, ol (4) timate,Ap shrinks when the frequency decreases. However,
(ka)* A €dEm s En in the visible and near-infrared ranges, PENS is calculated to

occur within a broad range @ even relatively far fronp..

which with the use of the Drude formula gives The reason for this robustness is the fact that in the optical
Gl (ka)*=(4leq) (8l £) T wiw?/ (w?)]. range the displacement current dominates the Ohmic current

The normalized PENS factor for SHG3/{®/(ka)*, ob-  so that the physical contact between particles is of no critical
tained from the scaling analysis according to Hd) is  importance. Thus, it may be possible that the “unusually”
shown in Fig. 3 as a function of the wavelength. The PENSarge diffuse SHG component reported in earlier studies of
factor increases with wavelength. The physical explanatioSHG from metal-dielectric films relatively far from
for this behavior is that the local fields generating the SHGpercolatiot®~*?is related to the PENS effect reported here.
enhancement increase towards longer wavelerfginaddi-  We have checked the robustness of the PENS effect by per-
tion to the results from the scaling analysis, the enhancemerfidorming additional angle-resolved SHG experiments on
factors obtained from the SHG measurements at fundamentaémicontinuous metal films witp~p. andp>p.. Figure 4
wavelengths\ .= 770,800,920 nm wittp polarization are  shows the angular distribution of the SHG signal from three
plotted. The predictions of the scaling theory are in gooddifferent semicontinuous gold films. Two of them have metal
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. A PENS is expected to occur within a broad spectral range
240+ . % semicont. film p>p, because of the unique properties of plasmons in percolation

A semicont. film p= . . .
o semicont. film g:z: films. The resonant frequencies of localized plasmon modes

7 2001 o “ depend on the local structure of metal clusters in the areas of
% A plasmon localization. The scale-invariant geometry of a per-
3 1601 . colation composite results in a large variety of shapes and
£ 5o . . sizes of the resonating structur@®m the size of particles to
% i 5 - the size_ of the infinit_e clusterThe varie_ty qf these structures
20d ® :_..ﬂ . AAAAAZ%;_ supporting the localized plasmon excitations results, in turn,
DUZRQX'QA o in an unusually brqad spectral range covered by 'the plasmon
N e - na % modes of percolation films, from the near ultraviolet to the
Ly I ——— far infrared? This is in sharp contrast with plasmon modes of
40 0 40 80 120 160 200 240 280 individual metal particles and compact metal structures that
Angle of Detection [deg] typically lie in the visible.

To summarize, we have observed the predicted PENS ef-
fect. We have found strongly enhanced nonlinear scattering
in SHG from percolation gold-glass films which show little
linear (diffuse) scattering. The observations, including the
absolute size and the wavelength dependence of the PENS
_ _ effect, are in good accord with theoretical predictions. We
concentrations at the percolation thresh@tlown as open pqie that the light with a broad angular distribution resulting
squares and triangles in Fig) 4nd one film has a metal oy PENS is similar to that produced by random lasers and
concentration slightly above the percolation threshold, $night be of interest for various applications, e.g., in en-
checked by resistivity and mass thickness measurements difz ,ced light-emitting devices.
ing deposition(solid squares in the plpt The qualitative
angle dependence and size of the SHG intensity are similar This work was supported in part by the DRGFB 486,
in all three cases, demonstrating that PENS is a reproduciblel261/3-1 and Leibniz Awangd NSF (DMR-9810183, ARO
effect and robust against small variations of the metal coniDAAG55-98-1-0425, PRF (ACS-PRF-35028-AChH and

FIG. 4. Angular distribution of the SHG from semicontinuous
metal films with different metal concentratiopsat the percolation
thresholdp= p. (open squares and trianglemnd slightly above the
percolation thresholg> p,.. (solid squares

centrationp. the AvH Foundation.
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