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Near-field optical studies of semicontinuous metal films
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Local field distributions in random metal-dielectric films near a percolation threshold are experimentally
studied using scanning near-field optical microsc@@)NOM). The surface-plasmon oscillations in such per-
colation films are localized in small nanometer-scale areas, “hot spots,” where the local fields are much larger
than the field of an incident electromagnetic wave. The spatial positions of the hot spots vary with the
wavelength and polarization of the incident beam. Local near-field spectroscopy of the hot spots is performed
using our SNOM. It is shown that the resonance quality-factor of hot spots increases from the visible to the
infrared. Giantlocal optical activity associated with chiral plasmon modes has been obtained. The hot spot’s
large local fields may result in local, frequency and spatially selective photomodification of percolation films.
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[. INTRODUCTION Metal-dielectric films exhibit anomalous optical phenom-
ena that are absent for bulk metal and dielectric components.

Metal-dielectric composites attract much attention bed~or example, the anomalous absorption in the near-infrared
cause of their unique optical properties, which are signifi-spectral range leads to unusual behavior of the transmittance
cantly different from those of constituents forming the and reflectance of the fil#2°> A number of effective-
composite-~® In our recent papé? we showed that plasmon medium theories were proposed for calculation of the optical
modes in metal-dielectric films near the percolation thresholgroperties of random films, including the Maxwell-Garnett
(referred in this case as to semicontinuous metal jilev®e and Bruggeman approaches and their various
localized in small nanometer-scale areas, “hot spots.” Themodifications?22232%these approaches, however, do not al-
localization was attributed to Anderson localization of plas-jow one to calculate the local fields, experiencing giant spa-
mons. The electromagnetic energy is accumulated in the h@fg| fluctuations associated with the existence of the hot
spots associated with the localized plasmons, leading 10 thgyots. A theory for the local-field distribution in percolation

local fields that can exceed the intensity of the applied fieltiims has been developed in Refs. 11,12,14-17 and it was

by four to five orders of magnitude. In Ref. 11 we deveIOpedexperimentally verified in Ref. 10.

a theory of nonlme:ar opt_lcal responses in percolation com- The local electromagnetic field fluctuations are especially
posites; these nonlinearities are dramatically enhanced by th

localized plasmons. The thedhhas further developed our s?rong in_the optical and in_frar_ed spectra_l ranges because of
earlier considerations of optical properties of metal-dielectricthe localized plasmon oscillations. Quallty_ factors Of. thesc_e
films'2-15 (for review, see Refs. 16 and 117 plasmon resonances can be very large in metal-dielectric

Semicontinuous metal films can be produced, for ex_composites, where the dielectric constaptfor a metallic

ample, by thermal evaporation or sputtering of metal onto afomponent is such that the real part is negati/gs<0, and
insulating substrate. In the growing process, first, small mecan be large in magnitude, whereas the imaginary ggiit
tallic grains are formed on the substrate. A typical sizsf a  positive and relatively smalk= €/ /| .| <1173

metal grain can vary from 5 to 50 nm. As the film grows, the  Since the metal-insulator transition associated with perco-
metal filling factor increases and coalescence occurs, so thidtion represents a geometrical phase transition one might
irregularly shaped self-similar cluste(Bactalg are formed anticipate that the current and field fluctuations are scale in-
on the substrate. The concept of scale invarigifieetality)y  variant and large, in this case. In percolation composites,
plays an important role in description of various properties ofhowever, the fluctuation pattern appears to be quite different
percolation system€~1° The sizes of the fractal structures from that for a second-order phase transition, where fluctua-
diverge in the vicinity of the percolation threshold, where antions are characterized by a long-range correlation and their
infinite percolation cluster of metal is eventually formed, relative magnitudes are of the order of unity at any point. In
representing a continuous conducting path between the endsntrast, for the dc percolation, for example, the local elec-
of a sample. At the percolation threshold the metal-insulatotric fields are concentrated at the edges of large metal clus-
transition occurs in the system. At higher surface coveragders so that the field maximdarge fluctuationsare sepa-
the film is mostly metallic, with voids of irregular shape. rated by distances of the order of the percolation correlation
With a further coverage increase the film becomes uniformlength ¢ which diverges when the metal concentration ap-
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proaches the percolation threshqig.'® metal and dielectric grains randomly distributed over the
As shown in our recent publicatiol?s#the difference in  plane. The dielectric constant of a metal can be approximated

fluctuations becomes even more striking for the ac respongey the Drude formula

in the optical spectral range where the local-field peaks have

a resonance nature and, therefore, their relative magnitudes em=€ep—(wp/w)?/(1+iw,/w), (1)

can be up to 19 for the linear response, and up to’d@nd

more for nonlinear responsés.g., for a third-order optical

nonlinearity, with distances between the peaksthat can

be significantly different from the percolation length

whereey, is the interband contributiony,, is the plasma fre-
quency, andv, is the plasmon relaxation rat&(<w,). In
the high-frequency range considered here, losses in metal

) ) : - L rains are relatively smallp.<w. Therefore, the real part
Scanning near-field optical microscogNOM), with its 9 y b < b

: . : ' of the metal dielectric functiore,, is much larger(in
sub-wavelength resolution, allows the detecting of nm-sized™ . . .
field peaks in fractal aggregafé$® and on rough metal modulus than ﬂ)e imaginary pad;,, i.e., the IOSS, parameter
surface€®3°In our first report® we have also demonstrated X 1S Small, k= €nf|€m|=w./0<1. We note thak, is nega-
that SNOM can be successfully employed for studying localtive for flequenme&) less than the renormalized plasma fre-
ized plasmon oscillations in metal-dielectric composites. quenCy,wp=wp/\/6—b.

In the present paper, we report results of our experimental It is instructive to consider first the special case-oé;,
study of local field distributions on percolation metal- =¢ey, where ,=|€/|(—1+ix) and €4 are the dielectric
dielectric films, using our SNOM providing one of the best constants of the metallic and dielectric components of the
reported spatial resolutions, below 10 nm. This allowed us t@omposite, respectively. The conditior e/, =€y corre-
detect the hot spots localized in the areas as small as 10 nrponds to the resonance of individual metal particles in a
with much stronger enhancement than previously observegielectric host, in the two-dimensional case. For simplicity,
in Ref. 10. We present here results of our detailed spectroye also set-e,,= e4=1, which can always be done simply
scopic studies of the hot spots. In particular, we compare thfenormalizing the corresponding quantities.
spectral properties in the visible and near-infrared parts of |t can be shown that the field distribution on a percolation
the spectrum. The observed spectral and polarization depefiim at —¢,,=e,=1 formally maps the Anderson metal-
dence of plasmon oscillations are compared with theoreticghsylator transition problerjrﬂ'“'lﬁ’”m accord with this, the
simulations. field potential representing plasmon modes of a percolation

We also report here a new effect of gidotal optical  fiim must be characterized by the same spatial distribution as
activity in percolation films. This effect occurs only locally the electron wave function in the Anderson transition prob-
and can be detected in SNOM measurements; the macr@sm. Such mathematical equivalence of the two physically
scopic optical activity disappeatsr becomes very smalin gifferent problems stems from the fact that the current con-
the far zone of a perCOlation film. This is because the plaSServation law for a perco|ation film, acquireghen written
mon modes can be chiral active when probed individuallyjin the discretized formthe form of the Kirchhoff’s equa-
however, because of the modes’ different handedness, theyns, which, in turn(when written in the matrix form be-
cancel each other out when theacroscopicptical activity  come identical to the equations describing the Anderson tran-
is probed. sition problemt! The corresponding Kirchhoff Hamiltonian

In Sec. Il, we briefly recapitulate basic ideas and results ofor the field-distribution problem is given by a matrix with
our general theo& for the field distribution in perCOIation random elements which can be expressed in terms of the
films, using a simple approach. In contrast to rigorous buljielectric constants for metallic and dielectric bonds of the
rather Complicated considerations of Ref. 11, here we prorattice representing the film. In this matrixl the Vah@&
vide a simple qualitative description of our theory, which we _ 1 gnd e4=1 appear in the matrix elements with probabil-
believe is clear and well suited to guide the current and fuijty p and (1-p), respectively(wherep is the metal filling
ture experimental studies in the field. The main Sec. lll disfactor given at percolation bp=p., with p.=1/2 for a
cusses our near-field optical studies of semicontinuous metak|f-qual system In such a form, the Kirchhoff Hamiltonian
films. All experimental observations described here are ac characterized by the random matrix, similar to that in the
companied by complementary numerical simulations. Fi-anderson transition problem, with both on- and off-diagonal
nally, Sec. IV summarizes the results obtained and concludg$sorder. Based on this mathematical equivalence, it was
the paper. concluded in Refs. 10,11,16,17 that the plasmons in a perco-
lation film can experience the Anderson-type localization
within small areas, with the size given by the Anderson
length &, . For the most localized plasmon modgscan be

Below we consider main properties of the field distribu-as small as the size of one gran
tion on a two-dimensional percolation film, using a simple Below we develop a simple scaling approach that explains
gualitative approach. These considerations then will be emthe nontrivial field distribution predicted and observed in
ployed to interpret our experimental observations describegercolation films. This scale-renormalization method sup-
in the next section. ports the main conclusions of a rigoro{mit tedioug theory

For the films concerned, gaps between metal grains aref Refs. 11,17 and has a virtue of being simple and clear,
filled by a dielectric substrate so that a semicontinuous metakhich is important for understanding and interpretation of
film can be thought of as a two-dimensior{@D) array of  future experiments.

Il. LOCAL-FIELD DISTRIBUTION: THEORY OUTLINE
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First, we estimate the field in the hot spots for the consid- ¢ = -g =1
ered case of- €,,= ¢4. Hereafter we use the asterighot to
be confused with complex conjugatjoto indicate that the
quantity concerned is given for the considered case ef, E, ~'E,(ak,)
=eq~1; for £5, however, we omit this sign since this quan-
tity always refers to the case ofe/,= eg. ZE—/' E L'E-/

Since at the optical frequencie$, is negative, metal par- 4 . 4
ticles can be roughly thought of as inductor-resistborR)
elements, whereas the dielectric gaps between the particle:|, ]H

m

can be treated as capaciti(€) elements. Then, the condi- >>1  Renormalization: a7, =d !
tion €/,= — €4 means that the conductivities of theR and
C elements are equal in magnitude and opposite in sign, i.e., ]
there is a resonance in the equivalénR-C circuit corre- E~E, (7)
sponding to individual particles.

The local field in resonating particles is enhanced by the
resonance quality-factad® which is the inverse of the loss
factor, Q= « "1, so thatE} ~Eqx~1(a/&,)?, where the fac- L 4
tor (a/&,)? takes into account that the resonating mode is 7 §=§(L) )
localized withing, . The resonant modes excited by a mono- é(ﬁ’) £ e @(ﬁ)
chromatic light represent only the fractienof all the modes
so that the average distan@eferred to as the field correla- [, 1. Renormalization of the field distribution at transition
tion length £5) between the field peaks is given kL from the reference system with €,,/eq=1 to the high-contrast
~alJk> En. system with— e,/ e4>1.

Note that the field peaks associated with the resonance
plasmon modes represent in fact the normal modes, with thetant of these new elements takes either vaduygl,)
near-zero eigennumbers, of the Kirchhoff's Hamiltonian dis-= " 9| g |¥*9 (¢ /|e ), for the element renormalized
cussed abov&: These modes are strongly excited by the apfrom the conducting square, ary(l,)=sgl*9|e, ¥,
plied field and seen as giant field fluctuations on the surfacgor the element renormalized from the dielectric square. The
of the film. ratio of the dielectric constants of these new elements is

Now we turn to the important case of the “high contrast,” equal toe (1,)/eq4(l,) =gnl|lem=—1+ik. Thus, for these
with |ey|> €4, that corresponds to the long-wavelength partrenormalized elements of the sitg, there is a resonance
of the spectrum where the local-field enhancement can bgimilar to the resonance in tHR-L-C circuit describing in-
especially strong. From basic principles of Andersongividual metal particles in a dielectric host. In this case, how-
|0calizati0n:,l'7 it is clear that a hlgher contrast favors local- ever, some effectivéenorma”zeqj R-L-C circuits represent
ization so that plasmon modes are expected to be localized e resonating square elements.
this case as well. In the renormalized system, the estimate obtained above

It is clear that ajeq|> ¢4 individual metal particles can- for field peaks still holds. Since the electric field and eigen-
not resonate. We can renormalize, however, the high-contragfinction both scale ak we arrive at the conclusion that in
system to the case of e;,= €4 considered above. We divide the high-contrast systettwith |e,|>€,), the field maxima
a system into squares of sizand consider each square as agre estimated a&,~ (I, /a)EX~Eqx (1, /a)(a/£)?, i.e.,
new renormalized element. All such squares can be classifiegk
into two types. A square is considered as a “conducting”
element if the square contains a continuous path of metallic Em/|50~(a/§A)2‘|Em|3/2/(6(§/26;;1 ) 3
particles that spans it inX” or “ y” direction. A square with-
out such an “infinite” cluster is considered as a nonconduct-The light-induced eigenmodes in the high-contrast system
ing, “dielectric,” element. According to finite size scalihf ~ are separated, on average, by the distadbat exceeds the
the effective dielectric constant of the “conducting” square mode separatiog; at e,,=— €4 by factorl,/a, so that¢,

d

/

em(l) decreases with increasing its siZe as eq(l) ~(I 1a)€X~1, 1k or
=(l/a) Y"¢,,, whereas the effective dielectric constant of
the “dielectric” square g4(l) increases withl as gy(l) Eo~al €|/ eney. (4)

=(l/a)¥"eq4 (t, s, and v are the percolation critical expo-
nents for the static conductivity, dielectric constant, and per- For a Drude metal ab<w,, the local field peaks, ac-

colation correlation length, respectively; for the 2D case, cording to Egs. (1) and (3) are given by E,/E,

=s=p=4/3). Now, we set the square sikéo be equal to Ned*1/2(a/§A)2(wp/wT), and the distance between the ex-
I:Ir=a(|sm|/sd)”’(”5’:am. @) cited moded4) is estimated age.~aw,/\eqow,.

Figure 1 illustrates the described above renormalization of
Then, in the renormalized system, where each square of thee field peaks and their spatial separations at the transition
sizel, is considered as a single element, the dielectric conbetween the referencéenormalizedl system with — e,
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there are always resonant clusters of the $Rel=1,(w)

pn ~a(wy/ )29, where the local field reaches its maxi-
mum E,,. The resonant sizé, increases with the wave-

l IEO length. It is important that at percolation, the system is scale
invariant so that all possible sizes needed for the resonant
excitation are present, as schematically illustrated in Fig.
2(b). At some large wavelength, only large clusters of appro-
priate sizes resonate leading to field peaks at the points of

l close approach between the metal clusters; with the decrease

of the wavelength of the applied field, the smaller clusters

# # begin to resonate, whereas the larger ones are off the reso-

nance[see Fig. 2)].

* * * We can also estimate the numbefl,) of field peaks
within one resonating square of the size In the high-

(
Eo contrast systenfwith |e,,/e4/>1) each field maximum of
(

a)

# # the renormalized systeitwith |e,,/eq/=1) splits inton(l,)
peaks of theE,,, amplitude located along a dielectric gap in
ﬁc the “dielectric” square of the, size(see Figs. 1 and)2The
* * * * gap “area” scales as the capacitance of the dielectric gap, so
b) must do the number of field peaks in the resonance square.

Therefore, we estimate that
FIG. 2. (a) A typical element of a percolation film consisting of

two conducting metal clusters with a dielectric gap in betweken. n(l,)oc(l, /a)¥. (5)
Different resonating elements of a percolation film at different ) ) )
wavelengths. In accordance with the above considerations, the average

(over the film surfacgintensity of the local field is enhanced
—e,=1 and the high-contrast system |ef,/e,|>1. As fol-  as Go=(|E/Eq|*)~(Em/Eo)°n(I)(éalée) >~ (al £)?| €m| ¥
lows from the figure, largest local fields of the amplitle  (elnes), where we used Eq&2), (4), and(5) and the critical
result from excitation of the resonant clusters of the §jize  exponents=s=v=4/3; the angular brackets hereafter stand
At —e,=e€4=1, we havel,=a [see Eq.(2)], as in the ref- for averaging over the film. Thus, using simple arguments
erence system. With increasing the waveler(gitid thus the based on the scaling dependences.l) andey(l) onl and
contrast|e|/€4), the resonant sizé, and distancet, be-  the resonance condition ey(l,) = €4(l;), one can define the
tween the resonating modes both increase. renormalization procedure that allows one to rescale the

The above results have a clear physical interpretation anthigh-contrast” system to the renormalized one withe,

can be also obtained from the following simple consider-=¢e4=1.
ations. Let us consider two metal clusters, with conductance The high-order moments of the local field, which define

Sn=—i(aldm)wey(l), separated by a dielectric gap, with local-field enhancement for nonlinear optical processes,
the conductance 4= —i(a/4m)weq(l), as shown in Fig. can be estimated asG,=M, ,=(|E|*E™/|Eq|*E]
2(a). The clusters and the gap are both of a $jznde(1) ~(Em/Eg)™n(l,)(éal&6)%, wheren=k+m. Using the scal-

ande4(l) for the finite size elements are defined above. Theang formulas(2)—(5) for the field distribution, we obtain the
equivalent conductance, for X, andX 4 in series is given following estimate for the field moments G,
by 3e=3 34/ (Smt+q) and the current through the sys- ~(En/Eo)"(I,/2)%7/(£s1£4)?, i€

tem isj =2 .Eyl. The local field, however, is strongly inho-

mogeneous and the largest field occurs at the point of the le
close approach between the clusters, where the separation n"” W
between clusters can be as smallaaghen, the maximum d =m
field E, is estimated asE,=(j/24)/a~Eq(l/a)/[1  for n>1 andk>0 (where, again, we took into account that
+(I/a)t*9v¢ /€. For the “resonant” sizé =1, , the real ~ for two-dimensional percolation composites, the critical ex-
part of the denominator in the expression By, becomes ponents are given by=s=p=4/3). Note that ifk=0 in
zero, and the fieldE,, reaches its maximum, where it is es- My, (i.e., G,=(E"/Ey)), then, because of the destructive

n—-1

, (6

|3/2
m

timated asE,,/Eq~« (I, /a). phase interference, the enhancement is different from Eq.
In the obtained estimate we assumed, for simplicity, that6); it is discussed in detail in Refs. 11,16.
&,~a and, in this limit, we reproduced the resuyf). In For silver-glass percolation films, for example, with,

order to obtain the “extra factor” d/£,)? of Eq. (3), we  =9.1 eV andw,=0.021 eV, we find that the average field-
have to take into account that the localization area for thenhancement can be as large @gs~(|E|*)/|Eq|*=M0
field is &, rather thanma, so that the field peak is “spread” ~10°, for Raman scattering, and a&pyy~(|E|?E?)/
over the distance,. With this correction we immediately |Eq|?E5=|M, 2~ 10" for degenerate four-wave mixing.
arrive at the formuld3). The local field intensity in the hot spots can approach the
It is clear that for any frequency of the applied field magnitude 18 so that thelocal enhancement for nonlinear
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optical responses can significantly exceed the average ONErpnr .
and be truly gigantic, up to 18 for Raman scattering, and )
up to 1¢° for four-wave mixing signals. With this level of

enhancement, one can perfomonlinear spectroscopy of ’,'.:,;-g e
single molecules and nanocrystals. It is important that the RER PRI
enhancement can be obtained in the huge spectral range Equivalent Mass thickness ~ 20 & 454

from the near-UV to the far-infrared, which is a big virtue for
spectroscopic studies of different molecules and nanocrys- «» A%
tals. We also note that the field enhancement provided by30rm
semicontinuous metal films can be used for various photo-
biological and photochemical processes.

The estimates obtained above from simple qualitative
considerations are in agrement with the results of Ref. 11
following from more rigorous considerations; they are also
supported by numerical simulations described in Refs. 11 F|G. 3. TEM pictures of gold-glass films at different metal fill-
and 13. Below we discuss our experimental near-field opticaihg factors. Percolatioisemicontinuousfilm is formed at the ef-
studies of percolation metal-dielectric films. fective gold-metal thickness 6.5 nm.

654 106 A
= Percolation threshold p = p,

sample and it is made by a second microscope objective. The
transmitted light passing through the microscope is then sent
to a photomultiplier.

To study the field distribution considered above we used The tip vibration modulates the near-zone field on a
scanning near-field optical microscopy. First we describe ousample surface and lock-in detection of the collected light at
apparatus and the theoretical modeling used for interpretdhe tip’s vibrational frequency allows one to detect the lo-
tion of the SNOM images and spectra. Then we present ancally modulated field* We note that the detected signal in
discuss the obtained experimental results and compare thesnich SNOM technique is proportional to the amplitude of the
with numerical simulations. modulated local field rather than its intensity. In order to

relate our results to other near-field measurememtere the
L , ) local intensity is typically measurgdhe results shown be-
A. SNOM description and theoretical modeling low are squared to display the intensity of the detected sig-
of SNOM imaging nal.

We imaged the localized optical excitations in gold-on- For the visible and near-IR parts of the spectrum, the
glass percolation films, using scanning near-field optical mitungsten tip i~ 3.5+ 2.8) does not have any resonances so
croscopy(SNOM). The used SNOM probe is an aperturelessthat its polarizability is much less than the polarizability of
tip made of a tungsten wire etched by electrochemicathe resonance-enhanced plasmon oscillations of the film. Be-
erosion®! The radius of curvature of the tip measured bycause of this, perturbations in the field distribution intro-
scanning electron microscopy is about 10 nm, which pro-duced by the tip are relatively small. Our calculations of the
vides very high spatial resolution needed to image the localtip perturbations, when it is modeled as a polarizable sphere,
ized optical modes. The tip oscillates above a sample whickupport this conclusioft
is attached to anx(y) horizontal piezoelectric stage. The tip  Note that for our local photomodification studies we also
is the bent end of the tungsten wire used as a cantilevassed photon scanning tunneling microscof®sTM) de-
connected to a piezoelectric transducer that can excite it pescribed in Sec. 11l D. Samples of semicontinuous gold films
pendicularly to the sample surface. The frequency of vibrawere prepared by depositing gold thin films on a glass sub-
tions (~5 kHz) is close to the resonant frequency of thestrate at room temperature under ultrahigh vacuum
cantilever and its amplitude is about 50 nm. The tip vibrate10™° Torr). In order to determine a closeness to the perco-
above the sample in the tapping mode regime of the atomitation threshold the resistivity and the deposited mass thick-
force microscopgAFM). Detection of the vibration ampli- ness were measured all along the film deposition. Optical
tude is made by a double photodiode, detecting the lever-armeflection and transmission of the samples were also deter-
shadow in a laser diode probe beam. A feedback systenmined out of the vacuum chamber and compared with the
including a piezoelectric translator attached to the piezoeleawell-known optical properties of percolation samptés?
tric transducefneeded for the tip vibrationskeeps constant Transmission electron microscopy was performed afterwards
the vibration amplitude during the sample scanning. The deby depositing the same film on a Cu grid covered by a very
tection of the feedback voltage applied to the piezoelectri¢hin SiO, layer.
translator gives a topographical image of the surface, i.e., the TEM pictures of glass-gold films at different filling fac-
AFM signal that can be taken simultaneously with thetors are shown in Fig. 3. For our local photomodification
SNOM signal. A first microscope objective focuses the lightstudy we also used silver semicontinuous films prepared by
of tunable Ti:sapphire lasgwith pulse duration~200 fs laser ablation as described in Sec. 11l D.
and repetition rate 76 MHzon the bottom surface of the To process the SNOM data we used the following proce-
sample. The signal collection is axially symmetric above thedure. First, we removed a “pseudoslop” in the optical data

IIl. NEAR-FIELD OPTICAL MICROSCOPY AND
SPECTROSCOPY OF PERCOLATION FILMS
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1000 FIG. 4. Left: Typical AFM im-

age (the height varies between 0

2001 and 10 nm. Center: SNOM image

- . of percolation gold_-glass film>\(_
150 =780 nm; the optical contrast is

100 92%). Right: Local field-intensity
oy 50 distribution for the same area ob-
ol 0 % tained by processing the SNOM

0 500 1000 © image, as described in the text.

1000 O nm

set, resulting from imperfections in the feedback I¢apich ~ approximates the height-averaged signal of the SNOM. In
also leads to slight change in the amplitude of the tip oscil-addition, to simulate the finite-size effect for the tip, the data
lations during the scannifgand, most importantly, from a at the effective height of 20 nm were averaged over the cir-
drift of the whole set up. Such drift is typical for SNOM cular area of the radius 10 nfrepresenting the size of our
studies and often complicates interpretation of SNOM im-tip), with the Gaussian weight function within the circle. The
ages. The drift was also seen in our AFM pictures of thenumerical method used to calculate the local fields on perco-
samples which were known not to have any slop. To removéation films is based on real-space renormalization group and
this pseudoslop in the SNOM data, we first averaged the dat&is described in detail in our previous papétst?
for a number of cross sections along the’‘and “y” axes )
and then, using the least-square fit, we defined the average B. Imaging and spectroscopy of plasmon modes
slops in thex andy directions; these two average slops in  Using our SNOM we imaged localized optical excitations
turn allowed us to define the coordinates of the plane olnd studied their local near-field spectra. In Fig. 5, we show
inclination. To reveal the actual field distribution, this plane experimentala) and calculatedb) near-field images on the
was brought back to the=0 plane. The noise below zero surface of a percolation gold-glass film, for different wave-
appearing as a result of the used procedure was removegngths,A=720 nm and\=790 nm. It needs to be said
which statistically does not affect the field distribution. here that experimental and simulated samples are, on aver-
Then, as mentioned, we squared the detected signal ifge, similar but, indeed, different localifNote also that be-
order to find the local field intensity. To find the local en- cause of photocathode’s different sensitivity at 720 and 790
hancement we normalized the local intensity by the mean ofm, the detected local intensity at 790 nm should be multi-
the detected signal squared that represents the intensity of tfied by roughly a factor of 10.As mentioned, AFM pic-
applied field. This is because the average local field on gures were always taken along with SNOM images, to con-
percolation film, as shown in Ref. 11, is simply equal to thetrol the imaging. In experimental SNOM images, resolution
applied field,(E)=E,, so that when squared it gives the of one pixel is 5 nm, which is near the best resolution that
intensity of the applied fieldi=E(2). can be achieved by SNOM. Our SNOM allows one to re-
The left-hand-side picture in Fig. 4 shows typical AFM solve even the most localized modes, with the localization
image (with the height varying between 0 and 10 nemd  radius of an order of 10 nm, i.e., about two orders of mag-
the central picture shows a “raw” SNOM image of the samenitude smaller than the optical wavelengthis is nearly the
section of a percolation gold-glass film. The local field- best resolution that can be accomplished with SNOM
intensity distribution found by processing the SNOM image, One can see that, in accordance with theoretical predic-
in accordance with the procedure described above, is showtions, there are sharp peaks representing the hot spots in the
in the right-hand-side picture in Fig. 4. The SNOM imagefield distribution. We also note that although the detected
was obtained ak =780 nm and linear polarization of inci- field enhancement is of the order of?1 1C°, the actual
dent light; the optical contrast for the SNOM image in Fig. 4 enhancement right on the film surfatexperienced, for ex-
is 92%. For control, in all our SNOM experiments describedample, by molecules adsorbed on the surfasenuch stron-
below we have also taken AFM pictures. However, we omit,ger, and can reach the values betweehd 160, as shown
for simplicity, these AFM images, for which the one in Fig. 4 in Ref. 13. The decrease in the observed enhancement occurs
is a typical representative. because, as mentioned, the signal detected by the SNOM
We also performed a theoretical modeling for SNOM im- oscillating tip is averaged over all tip-surface separations,
aging. To do the modeling, we first found that the localfrom 0 nm, where the enhancement is the largest, to 100 nm,
SNOM signal at the tip’s height of 20 nm is approximately where the enhancement is negligible. We also note that in
equal to the average signal detected by SNOM in the tapagreement with theoretical predictions most localized hot
ping, i.e., oscillating mod¢for accuracy, we averaged our spots can be as small as 10 nm only.
calculations over many differenk(y) spatial positionk The In Fig. 6 we show detected SNOM imagés and theo-
detected signal in our SNOM is, in fact, averaged over all theetical calculations(b) for two different linears polariza-
heights between 0 to 100 nfor what is the same, over the tions, perpendicular to each other, at the same wavelength
period of the tip’s vibrations In our modeling, we calculated \=780 nm.[Note that the local intensities in Fig.(#
a signal at the fixed “effective” height of 20 nm that roughly should be multiplied by roughly a factor of 6 as a result of
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FIG. 5. Experimentala) and calculatedb) SNOM images of localized optical excitations in percolation gold-glass film for different
wavelengths\ =720 nm and\ =790 nm.

renormalization of detector’s sensitivity for 780 Mms one  fields in the near-infrared. By checking the fields in Fig. 7
can see the field distribution differs significantly for the two against those in Figs. 4—6, we conclude that the field peaks
different s polarizations. Similar strong changes in the hotbecome significantly larger at the transition from the visible
spot positions also occur at transition from #eo p polar-  (Fig. 7) to the near infraredFigs. 4—6, in agreement with
ization (not shown. The strong polarization dependence ob-theoretical predictions.
served indicates the anisotropic character of plasmon modes Tg summarize this part, we note that in agreement with
on a semicontinuous metal film. theoretical calculations our SNOM studies show that the op-
_Thus, we see that the spatial position of hot spots changeg | excitations on metal-dielectric films are localized, so
with both, light polarization and wavelength. As our experi- ya; the smallest hot spots can be as small as 10 nm in size.
ments and calculations show the field distribution changegye hqgitions of the hot spots associated with the localized
significantly, even at very small change of the Wavelengthplasmon oscillations exhibit a very strong sensitivity to both
such as 10 nm. wavelength and polarization of an incident beam. Local field

In accorc_iancg with theoretical g:on3|derat|0ns of Sec. Il eaks in the hot spots increase from the visible toward the
for percolation films, the renormalized elements formed by

dielectric and metallic clustergather than individual par- infrared.

. . ; . We also performed the near-field spectroscopy of perco-
ticles) resonate in the near infrared and provide the Iargeﬁta&ion fiIms,F::)y parking an SNOM tip apt diﬁeren?éointps of

e oianfle ursce and varg he waveengh. T nanospecos-
particles Acco?/ding to Eq(3), at the transition from the opy allows one to determine the local resonances of nm—size

o " s "o _ areas right underneath the tip; the nanostructures at different
visible, with |eq|~€q (i.€., @~wy), to the near infrared, points resonate at differentindependently leading to differ-
with [en|> €4 (and wp>w>w,), the local fields increase in ent local near-field spectra. The spectra charactexizke-
the amplitude and saturate at the magnitude given byendence of the field hot spots associated with the localized
Em/Eo~eq VA @l €2)%(wpl w,). plasmon modes.

To verify this we also imaged the field distribution for the  In Fig. 8 we show the measurdd) and calculatedb)

visible spectral range, at 514 nfwhich is close to the reso- near-field spectra taken at different points of the film. There

nance of individual gold particl¢snd compared it with the is qualitative agreement between theory and experiment. The
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FIG. 6. Experimentala) and calculatedb) SNOM images of field distribution in percolation gold-glass film for two different linear
s-polarizations(perpendicular each otheof an incident light ah =780 nm.

spectra are similar to those obtained previously in Ref. 1@ve consider a novel effect observed in semicontinuous metal
and consist of several peaksl0 nm in width(which is on  films, giant local optical activity.

the same order of magnitude as the plasmon relaxation rate

in gold). The spectra depend markedly on spatial location of C. Local optical activity

the point where the near-field tip is parked. Even as small
shift in space as 50 nm results in different spectra, which is &
strong evidence of the plasmon localization. We note that fOF]a
continuous metalor dielectrig films neither subx hot spots
nor their local spectra can be observed, because, in this ca
optical excitations are delocalized and homogeneous. Bel

Typically, optical activity is observed for macroscopically
ge objects with unbalanced amount of left and right
nded molecules. This effect, in particular, can be used to
distinguish the enantiomers from each other, which is very
ﬁ?ﬂportant because the physiological and pharmacological ef-
%Y&cts of the enantiomers can be very differ&ht.
It was recently shown that a giatdcal optical activity
can occur in fractal aggregates of colloidal particte® One
can anticipate that similar effect may occur in a percolation
film, which can be thought of as a collection of fractal clus-
ters of different sizes, from very small ones up to the “infi-
nite” percolation cluster. There is still an important differ-
ence: a percolation film is homogeneous on a macroscopic
scale, whereas an ideal fractal is inhomogeneous in all
scales. Really, because of self-similarity of fractals, there are
voids that are present in all sizes, from the size of a single
particle to the size of the whole cluster. In both objects, how-
ever, there is localization of optical excitations within small,
nm-sized structures, which can be chiral active and thus lead
to local optical activity. In our considerations of local optical
activity in semicontinious metal films we used similar ap-
proaches as in Ref. 35.
FIG. 7. SNOM image of optical excitations of semicontinuous  Optical activity phenomena exhibit differences in attenu-
gold film atA =514 nm. ation (circular dichroisn, refraction(circular birefringencg

165403-8



NEAR-FIELD OPTICAL STUDIES @ . .. PHYSICAL REVIEW B 64 165403

800
600
£
< 400

200

200 400 600 800 200 400 600 800

nm nm nm

200 400 600 800

FIG. 9. SNOM images of gold-glass percolation films wih
right- and(b) left-circularly polarized incident light at 780 nn(c)
Local CIDS signal computed from the two images showfajirand
(b). Raw data is shown.

Metal particles forming percolation films are typically 10
nm in size and the local resonating structures, “hot” spots,
vary in size between tens to hundreds nanometers, i.e., can
be comparable with the light wave length. It is also important

770 760 750 740 730 720 710 700

Wavelength (nm)
(@)

I, arb. units

6 L

that a typical thickness of a semicontinuous metal film,
~10 nm, is comparable to the skin depth, so that the field
changes significantly in the vertical direction. Therefore, the
optical activity, which is a nonlocal propagation effect and
requires spatial dispersion, can be large for chiral elements of

a semicontinuous metal film. Moreover, since plasmon
modes are characterized by large resonance quality factors
4 the optical activity effect can experience the resonant en-
hancement.

Figures 9a) and 9b) show the local SNOM images of a
2 percolation film for right- and left-circularly polarized inci-

dent light, respectively. Both images exhibit large variations
of light intensity and many hot spots. Visual examination of

nm the two images reveals different spatial distributions of hot
spots for the two opposite circular polarizations, indicating
circular differential response in certain regions. The weak
correlation of the two images is confirmed by a correlation
analysis as illustrated in Fig. 10, where the cross-correlation
function go(R) = C4[ (1 (r)1r(r+R))—=(1.(r)){I(r))] and
autocorrelation function g,{R) =C,[ (I r(r)I_r(r+R))
and scattering for right- and left-circularly polarized light. —(IL.r(r))?] for the two images are showjithe normaliza-
The scattering optical activity is denoted as circular intensityion constant<, andC, are chosen so that(0)=1 and, if
differential scatteringCIDS).36-38 the intensities of scattered light had been equal for the two

The described above linear polarization dependence, ifircular polarization inputsgy(0)=1]. The autocorrelation
particular, illustrates strong local anisotropy of plasmonfunctions for the right- and left-circularly polarizatiofstars
modes in percolation films. However, an important questionand triangles in Fig. 10, respectivelare essentially the
whether the plasmon modes exhibit handedness still needs to
be addressed. It is known, for example, that two coupled
anisotropic oscillators lying in different planes represent a
simple model of a chiral system. Semicontinuous metal films o.s
are formed by chains of particles with almost all possible
local configurations. These local structures have typically °-¢
neither center nor plane of symmetry and thus may have
handedness so that a plasmon mode, provided that it is lo
calized on such a structure, exhibits chirality. However, mac- o.2
roscopic effects are significantly reduced for a racemic mix-
ing of chiral elements(approximately equal amounts of
elements with opposite handednegsherefore, the local op-
tical activity detected using SNOM may be much stronger'o'2
than typically observed macroscopic effects and it provides FIG. 10. Cross-correlatiofboxe$ and autocorrelation functions
important information on chirality of local structures and (stars and trianglescomputed from the two images shown in Figs.
their statistical properties. 9(a) and 9b).

710 730 750 770 790

(b)

FIG. 8. Experimentala) and calculatedb) near-field spectra at
different spatial locationg50 nm apait of the film. (Arbitrary in-
tensity units are used.
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13 FIG. 12. Numerical simulations for local field distributidar-
50 bitrary unit9 for model percolation gold-glass film for rigftteft-
i hand sidg left (centej circular polarizations of incident light\(

=780 nm), and local CIDS signalight-hand sidg
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spectral range, with no spectral structures. This is in sharp
FIG. 11. Histogram for local CIDS parameter. contrast with the local spectra taken for different circular
polarizations.
same, indicating thapn averagethe field distributions are  All these results clearly show that, while locally there
almost identical for the two circular polarizations. The auto-exist areas of strong preference for scattering of one circular
correlation functions are, however, very different from thepolarization or the other, this preference is effectively absent
cross-correlation function of the two imagésoxes in Fig.  when averaged over a macroscopic sample. This result opens
10), which is close to zero even at small distan&sndi-  new avenues in optical activity studies whéseal gyrotropy
cating nearly no correlation in the intensity distributions for effects may be investigated using near-field optical micros-
the two circular polarizations. Our control SNOM measure-copy.
ments on a continuous gold film reveal no hot spots, showing We also simulated the observed effect of local optical ac-
instead a uniform field distribution with no observable en-tivity. In our simulations we used the approach based on the
hancement. discrete dipole approximatiofDDA) and replaced the me-
The scattered intensities for right- and left-circularly po-tallic component of a semicontinuous metal film by array of
larized incident light can be related to elements of the Mueldipoles representing metallic spheres with the radRys
ler scattering matrixS,z as g =1o(S11=S14), WhereS;; = (3/47)Y%a, wherea is the lattice period. Such geometri-
gives the total scattered intensity aSg, characterizes opti- cally intersecting spheres have the same total volume as the
cal activity>® In terms of the Mueller elements, the scatteredyolume of the metal component and effectively take into
intensities for right- and left-circularly polarized incident gccount multipolar correctiondor details, see Ref. 16To
light are given byl g | =1¢(S11* S14). The dimensionless pa- simulate the finite thickness of the film we generated two
rameter that describes circular intensity difference scatteringifferent metal-dielectric percolation layers and placed them
is S14/S1=(Ir— 1)/ (Ig+1,).%%3° on top of each other, so that the thickness of the film was 10
Figure 9c) shows distribution for the local CIDS param- nm as in experiments. Then we numerically solved the
eter (g—1.)/(Ig+1.) computed from the optical images coupled dipole equation€CDE’s), with the interaction rep-
shown in Figs. €a) and 9b). The white and black spots in resented by the full Green’s function, including the near-,
Fig. 9(c) represent areas of preferential scattering for rightintermediate-, and far-field terms<¢ 3, r 2, andr %, re-
and left-circularly polarized incident light, respectively. The spectively; for details of such numerical approach see Ref.

variations in the parameter CIDS demonstrate that a sem'&e)_ Such approach allows one to take into account the spa-
continuous metal film is characterized by a broad and rantial dispersion effects important for optical activity.

dom distribution of chiral elements associated with the plas- Results of our simulations for the local-field distribution

mon modes. induced by left and right circularly polarized light are shown
The randomness in distribution of plasmon modes within Fig. 12. In agreement with experimental observations, our

different handedness is characterized by a histogram for theimulations also show strong local optical activity expressed

number of pixels sorted in accordance with the CIDS sigrin different locations of hot spots for the two circular polar-
and value, as shown in Fig. 11. The distribution is broadjzations of incident light.

with the half width at the half maximum being about 0.5.  Thus, percolation metal-dielectric films manifest gitoat
Despite weak asymmetry, _the hlStng?m ShOW_S approxical optical activity. The effect occurs because the plasmon
mately equal numbers of chiral areas with opposite handednodes on a semicontinuous metal films are not only aniso-

ness. tropic but also may have handedness.
The local optical activity observed is large|(liz

—1)/(Ig+1)|~1) and varies strongly with wavelength. o

The sign of (r—1.)/(Ig+1.) can change, even for very D. Local photomodification

small changes of wavelength; 10 nm. In sharp contrast, In this section we discuss our studies on local photomodi-
the value of the CIDS parameter averaged over the wholécations. The samples of semicontinuous metal films used
0.9x0.9 um? sample, is much smallerj(Igz—1,)/(Ig  for the photomodification studies were prepared by the laser
+1,)|=0.036+0.004. The macroscopic absorption spectraablation technique. A silver target was placed in a vacuum
of our samples have a flat wavelength dependence in thishamber with base pressure of 1 mTorr. After pumping for
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24 h, the vacuum chamber, when sealed, had an outgas/lee  Local Photomodification of a Silver Percolation Film
rate lower than 2 mTorr/h. Prior to a laser ablation run, the
chamber was filled with argon te 10 Torr. ANd:YAG la-  pefore Irradiation After Trradiation
ser(Quanta-Ray DCRwas used as the laser ablation source. (image beam: ew, 633 nm) (irradiation beam: 5 ns, 532 nm, 9 mJ/cm’)
The laser provided 0.2-J, 8-ns, 1064-nm pulses at a 10-H: i ot o " em——
repetition rate. The laser beam was focussed onto the targeg
and the beam diameter at the target surface was 1.5 mm. Thg '
ablated silver material was deposited onto a glass substrat &
and a carbon-coated TEM sample grid, both placed a few
centimeters in front of the target. A 125-keV Hitachi H7000
electron microscopy was used for the TEM studies. Accord-
ing to TEM imagegnot shown the samples prepared by the
laser ablation technique have similar structure as the films
made by thermal evaporation in a vacuum chamber and use ¢ o
for studies described in the preceding sections. \ /N
The thin films deposited on glass substrates were investi: 9% . : 3 o : 3 s
gated using photon scanning tunneling microsc@8TM)
modified from a commercial atomic force microscqgaie-

2

Scan Coord

v
40 7 40
/

Intensity (arb. units)

FIG. 13. PSTM images of seminontinuous silver film before and

fter photomodification of the sample using nanosecond laser pulses
sant Q250 The samples were mounted to the hypOtenUS(gt 532 nm. The PSTM images were recorded using the probe wave-

face of a rlght—angle prism with an index ma_tchmg fluid. A length at 633 nm.
sample was illuminated by the evanescent field in the total

internal reflection geometry and the local optical signal was The modification of the optical intensity distribution ex-
collected through an uncoated optical fiber. Two helium-neomipits a threshold nature. The threshold is observed to be
lasers, one operated at wavelength of 543 nm and the other atjg  mJ/cmi per pulse. Qualitatively the same results have
633 nm, were used as the illumination source. The p_robgeen observed atyne=543 nm.
laser beam was polarized at the sample surface. The optical To simulate the photomodification, the local field distri-
fiber was sharpened to approximately 50 nm in radius at theution at wavelength of 532 nm is calculated. To simplify the
tip using a fiber puller(Sutter Instruments P-2000The  calculation, the incident wave is assumed to propagate along
separation between the fiber tip and a sample was regulatede surface normal direction. Since we are interested in a
using non-optical shear-force feedback. qualitative comparison of the calculated and experimental
The photomodification was achieved by irradiating theresults, the different incident angle used in the calculation
sample using ten 5-ns pulses of the second harmonic outp(®°) from that in the experiment (70°) should be of mini-
of a Nd:YAG laser(Quantel Brillian} at 532 nm. The modi- mum effects. After the local field distribution ah
fication laser beam was incident from above at an incident=532 nm is calculated the film is modified by “eliminat-
angle of 70° from the surface normal and had the same pdng” conducting particles located at the sites where the local
larization as the probe beam. The fiber tip was retracted duffields were greater than a threshold value. Such simple
ing pulsed-laser irradiation. The retraction of the tip avoidedmodel assumes that the particles experiencing the photo-
possible damage of the tip by the nanosecond pulses andodification do not contribute any more to the resonant

possible perturbation of the optical field by the tip. excitation?® The threshold value is chosen to keep the num-
Figure 13 shows near-field optical images of a semiconber of the eliminated particles to be 1% of the total particles.
tinuous metal film at probe laser wavelengthy e Our calculations show that at the pump power used in our

=633 nm. The PSTM images show a very inhomogeneougxperiments the local temperature increase in the hot spots is
distribution of optical intensity. The minimum feature size is up to about half of the melting temperatuigee also Ref.
200 nm, corresponding to the lateral resolution of our PSTM40). Zhu and Averback have demonstrated by molecular dy-
The theoretical minimum feature size is smaller by an ordenamic simulations that metal nanoparticles that are in contact
of magnitude. with each other and heated to about 1/2 of the melting tem-
The image shown in Fig. 1B) was recorded at the same perature do not behave as rigid bodtédn particular, the
area of the sample imaged in Fig.(a8 but after irradiation local shear stress near the neiching pointswas shown
by 10 nanosecond laser pulses. The incident laser enerdg be large enough to cause plastic deformation and eventual
density was 4.5 mJ/ctn The two images in Fig. 13 share sintering of the nanoparticles. There is experimental evi-
many common features. There are, however, large differdence to support their conclusiéh.Although the exact
ences at a few locations. The high-intensity afee., hot mechanism of the photomodification is not completely un-
spod at x=2.4 um andy=0.1 um, which existed before derstood at the present time, it seems very plausible that
irradiation, substantially decreases its intensity after irradiaphotomodification is caused by such sintering.
tion. The intensity plots along the indicated horizontal line The local field distribution functions were calculated be-
shows that the optical intensity is reduced by 40% at thigore and after the photomodification. The results are shown
location. Although not shown in Fig. 13, nanosecond lasein Figs. 14 and 15 for two probe wavelengths }fqpe
irradiation can also create new hot spots. =543 and 633 nm, respectively. The same wavelengths were
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FIG. 14. Theoretical simulation of near-field optical signal at FIG. 15. The same as Fig. 14 excepfo,e=633 nm.
probe wavelengti ;=543 nm for a semicontinuous silver film,

2.55X2.55 um in size, (@) before and(b) after modification, in-  \ayvelengths either close to or different from the irradiation
duced by the pump &=532 nm. laser wavelength. The local contrast chang®g factors of

p to ~100%) are much greater than the spectral “hole” in

used in the expe”.”?e”t.- Bo.th Figs. 14 and 15 show the effec[ie macroscopic absorption measured in the far field, which
of local photomodificatioridisappearance of some of the hot .

~10
spots and appearance of some new pradter irradiation is about~19%.
with the pump ah =532 nm above the modification thresh-
old. The effect of photomodification can be observed at the IV. CONCLUDING SUMMARY
same agor close t9 the pump wavelength and at signifi- _ ] _ ) o
cantly different wavelengths. The field distribution was cal- ~The near-field optical studies described in this paper sup-
culated at~10 nm distance above the surface using the diPort main conclusions of the recently developed theory
area of 50 nm. Thus, theoretical results plotted in Figs. 14N metal-dielectric films near the percolation threshold expe-
and 15 have taken into consideration the finite sample-tipience Iocallzatlon so that the e_Iectromagnetlc energy is con-
distance and finite aperture size in the experiment. centrated in small nanometer-size areas, hot spots, where the
Let us consider first Fig. 14. The pair of calculated imagesPlasmon modes are localize@) The hot spot spatial posi-
at the same probe wavelength)gf,;,e=543 nm before and tions are strong funcuons_ of the wavelengftii.) The plas- .
after the modification is quite different. Previously existedMon modes are anisotropic and, therefore, there spatial posi-
hot spots (e.g., atx=2.5 um, y=2.4 um, and atx tions depend on the incident light polarizatidiv.) The local
=2.3 um, y=0.2 um; the origin is at the lower left cor- field intensity in the hot spots exceeds the intensity of the
ner; the film size is 2.582.55 um) lost their intensity sub- incident light by several orders of magnitude and it dramati-
stantially after the modification. New hot spots are created@lly increases at transition from the visible to the infrared.
after the modification(e.g., atx=0.8 um, y=1.9 um). Because of localization, different areas, with different geom-
However, the two images still share some common featuregtries, resongte independently at @fferent frequencies. In ac-
The very large hot spot around=1.5 xm, y=0.4 um, for cord with this, (v) the local near-field spectra of plasmon
example, appear at both images although their shapes afades, consisting of several peaks with width$0 nm, are
somewhat different. Similarly, the pair of calculated images/e"y different for different spots, even if they are only
at N prope=663 Nm before and after the modificaticFig. ~5Q nm apfirt(w) The localized plasmon modes on a semi-
15) exhibits different features but also somewhat correlatedcontinuous film may possess handedness and thus they show
These theoretical results are in qualitative agreement wit® effect of strong local optical activity. In accordance with
the experimental data. It appears that there are more chang&¥s, the hot spot distributions observed by SNOM with the
in theoretical results than in the experimental data. This i$i9ht- and left-circularly polarized incident light are very dif-
because the experiments were performed with the photd€rent; however, the effect occurs oriycally; on average,
modification laser beam at a power just slightly above thdhe ﬂlm__does r)ot show the macroscopic optical activity. Fi-
threshold. A much greater changes were observed exper@lly; (Vi) provided that the pump power exceeds the thresh-
mentally if the laser power was doubled. old ~10 mJ/cr, it can induce local photomodification in
The following picture for the photomodification process the hot spot areas. Thl_s phqtomodlﬂcatlon probably occurs
emerges from our experimental and theoretical studies: Duidu€ to sintering of particles in the hot spots. All the obser-
ing nanosecond-laser irradiation of a semicontinuous metafations summarized above support basic predictions of
film, the laser energy is not uniformly distributed over thetheory'"’ and they are in good accord with accompanying
sample surface. Rather, it is localized at hot spots, wherdlumerical simulations.
provided that the pump exceeds the photomodification
threshold., the smtermg of parqcle_s occurs. Such_ geqmetnc ACKNOWLEDGMENTS
changes in turn result in modification of local optical inten-
sity. Some previously existing hot spots are diminished after This work was supported in part by National Science
irradiation and new hot spots are created when probed dtoundation under Grants No. DMR-9810183 and DMR-

165403-12



NEAR-FIELD OPTICAL STUDIES @ . .. PHYSICAL REVIEW B 64 165403

0071901, Army Research Office under Grants No. DAAG55-ory, Civilian Research and Development Foundation under
98-1-0425 and DAAD19-01-1-0682, NASA under GrantsGrant No. RE1-2229, and Russian Foundation for Basic Re-
No. NAGS8-1710 and NCC-1-01049, Petroleum Researctsearch under Grant No. 99-02-16670. Authors are grateful to
Funds under Grant No. 35028-AC5, New Mexico Universi-Jacques Sztern for performing transmission electron microg-
ties Collaborative Research of Los Alamos National Laborafaphy.

1J. E. Sipe and R. W. Boyd, Phys. Rev48, 1614(1992; R. J. Composites and Metal-Dielectric FilniSpringer Verlag, Berlin,
Gehr, G. L. Fisher, R. W. Boyd, and J. E. Sipe, Phys. Re&3A 2000.
2792 (1996; G. L. Fisher, R. W. Boyd, R. J. Gehr, S. A. 7A. K. Sarychev and V. M. Shalaev, Phys. R&35, 275 (2000.
Jenekhe, J. A. Osaheni, J. E. Sipe, and L. A. WeIIer-Brophy,lsD. Stauffer and A. Aharonyntroduction to Percolation Theory?

Phys. Rev. Lett74, 1871(1995; R. W. Boyd, R. J. Gehr, G. L. ed. (Taylor and Francis, Philadelphia, 1991

Fisher, and J. E. Sipe, Pure Appl. Opt.505 (1996. 193. P. Clerc, G. Girard, J. M. Laugier, and J. M. Luck, Adv. Phys.
’D. J. Bergman and D. Stroud, Bolid State Physic6Academic, 39, 191(1990.

New York, 1993, Vol. 46, p. 147. 20R. W. Cohen, G. D. Cody, M. D. Coutts, and B. Abeles, Phys.
3C. Flytzanis, Prog. Opt29, 2539 (1992; D. Ricard, Ph. Rous- Rev. B8, 3689(1973.

signol, and C. Flytzanis, Opt. Lett0, 511(1985; F. Hache, D.  ?'G. A. Niklasson and C. G. Granqvist, J. Appl. Ph{&, 3382

Ricard, C. Flytzanis, and U. Kreibig, Appl. Phys. A: Solids Surf. ~ (1984).

47, 347(1988. 22Y. Yagil, P. Gadenne, C. Julien, and G. Deutscher, Phys. Rev. B
4H. B. Liao, R. F. Fiao, J. S. Fu, P. Yu, G. K. L. Wong, and P. 46, 2503(1992.

Sheng, Appl. Phys. Let?0, 1 (1997; K. P. Yuen, M. F. Law, K. 23T, W. Noh, P. H. Song, Sung-ll Lee, D. C. Harris, J. R. Gaines,

W. Yu, and P. Sheng, Phys. RevbE, R1322(1997; H. B. Liao, and J. C. Garland, Phys. Rev.48, 4212(1992.
R. F. Xiao, J. S. Fu, H. Wang, K. S. Wong, and G. K. L. Wong, 24p Gadenne, A. Beghadi, and J. Lafait, Opt. Commé#). 17
Opt. Lett.23, 388(1988; H. B. Liao, R. F. Xiao, H. Wang, K. S. (1988.
Wong, and G. K. L. Wong, Appl. Phys. Left2, 1817(1998; W. 25Y. Yagil, M. Yosefin, D. J. Bergman, G. Deutscher, and P.
M. V. Wan, H. C. Lee, P. M. Hui, and K. W. Yu, Phys. Rev58, Gadenne, Phys. Rev. &3, 11 342(1991).
3946(1996; D. Stroud and P. M. Huiibid. 37, 8719(1988. 26 Brouers, J. P. Clerc, and G. Giraud, Phys. Rev44B 5299
SuU. Kreibig and M. Vollmer,Optical Properties of Metal Clusters (1992); F. Brouers, J. M. Jolet, G. Giraud, J. M. Laugier, and Z.
(Springer-Verlag, Berlin, 1995 A. Randriamanantany, Physica287, 100 (1994).
SElectron Transport and Optical Properties of Inhomogeneous Me#'D. P. Tsai, J. Kovacs, Z. Wang, M. Moskovits, V. M. Shalaev, J.
dia, edited by J. C. Garland and D. B. Tanri&iP, New York, Suh, and R. Botet, Phys. Rev. Le#t2, 4149 (1999; V. M.

1978; Electron Transport and Optical Properties of Inhomoge-  Shalaev and M. Moskovitshid. 75, 2451(1995; P. Zhang, T.
neous Media (ETOPIM 3)edited by W. L. Mochan and R. G. L. Haslett, C. Douketis, and M. Moskovits, Phys. Rev.5B
Barrera(North-Holland, Amsterdam, 1994Proceedings of the 15513 (1998; V. A. Markel, V. M. Shalaev, P. Zhang, W.
Fourth International Conference on Electrical Transport and Huynch, T. Lay, T. L. Haslett, and M. Moskovits, Phys. Rev. B

Optical Properties of Inhomogeneous Media (ETOPIM &d- 59, 10903(1999.
ited by A. M. Dykhne, A. N. Lagarkov, and A. K. Sarychev, ?8S. I. Bozhevolnyi, V. A. Markel, V. Coello, W. Kim, and V. M.
[Physica A241, 1 (1997)]. Shalaev, Phys. Rev. B8, 11 441(1998.

’R. Fuchs and F. Claro, Phys. Rev.3B, 3875(1989; K. Ghosh 2g 1, Bozhevolnyi, I. I. Smolyaninov, and A. V. Zayts, Phys. Rev.
and R. Fuchsipid. 44, 7330(1991); F. Claro and R. Fuchshid. B 51, 17 916(1995; I. I. Smolyaninov, A. V. Zayats, C. C.
44, 4109(1991). Davis, Phys. Rev. 56, 9290(1997%; I. I. Smolayninov, D. L.

8G. Milton, J. Appl. Phys.52, 5286 (1981); D. Stroud, G. W. Mazzoni, and C. C. Davis, Phys. Rev. L€t, 3877(1996.
Milton, and B. R. De, Phys. Rev. B4, 5145(1986. 30B, Kramer and A. MacKinnon, Rep. Prog. Ph$s, 1469(1993.

%V. M. Shalaev, Phys. Rep272, 61 (1996. 31R. Bachelotet al, Appl. Opt. 36, 2160(1997); P. Gleyzet al,

105, Gresillon, L. Aigouy, A. C. Boccara, J. C. Rivoal, X. Quelin, C. Appl. Phys. Lett.58, 2989(1991); A. Lahrechet al, Opt. Lett.
Desmarest, P. Gadenne, V. A. Shubin, A. K. Sarychev, and V. M. 21, 1315(1996.

Shalaev, Phys. Rev. Le®2, 4520(1999. 32p, Gadennet al, J. Appl. Phys66, 3019(1989.
A, K. Sarychev, V. A. Shubin, and V. M. Shalaev, Phys. Rev. B 3*M. Kauranenet al, J. Mod. Opt.45, 403(1998.

60, 16 389(1999. 343, Ducourtieux, S. Gresillon, A. C. Boccara, J. C. Rivoal, X.
12E Brouers, S. Blacher, A. N. Lagarkov, A. K. Sarychev, P.  Quelin, P. Gadenne, V. P. Drachev, W. D. Bragg, V. P. Safonoy,
Gadenne, and V. M. Shalaev, Phys. Re\6® 13 234(1997). V. A. Podolskiy, Z. C. Ying, R. L. Armstrong, and V. M. Shalaev,

1BV, M. Shalaev and A. K. Sarychev, Phys. Rev.58, 13 265 J. Nonlinear Opt. Phys. Mate9, 105 (2000.

(1998. 35V, P. Drachev, W. D. Bragg, V. A. Podolskiy, V. P. Safonov, W. T.
A K. Sarychev and V. M. Shalaev, Physica286, 115 (1999. Kim, Z. C. Ying, R. L. Armstrong, and V. M. Shalaev, J. Opt.
5A. K. Sarychev, V. A. Shubin, and V. M. Shalaev, Phys. Rev. E  Soc. Am. B(to be published

59, 7239(1999. 36 D. Barron, Molecular Light Scattering and Optical Activity

16y M. Shalaev, Nonlinear Optics Of Random Media: Fractal (Cambridge University Press, Cambridge, 1982

165403-13



S. DUCOURTIEUXet al. PHYSICAL REVIEW B 64 165403

37D, Keller et al, Biopolymers24, 783(1985. Kim, K. Banerjee, M. R. Young, J. G. Zhu, R. L. Armstrong, V.

383, B. Singhanet al, J. Chem. Phys85, 763 (1986. M. Shalaev, and Z. C. Ying, J. Opt. Soc. Am.1B, 698 (2007).

39C. Bohren, D. HuffmanAbsorption and Scattering of Light by “'H. Zhu and R. S. Averback, Philos. Mag. LetB, 27 (1996.
Small Particles(Wiley, New York, 1983. 425 E. Rorak, A. Lo, R. T. Skodje, and K. L. Rowlen, hano-

40y p. Safonov, V. M. Shalaev, V. A. Markel, Yu. E. Danilova, N. structured Materials: Clusters, Composites, and Thin Fjled:-
N. Lepeshkin, W. Kim, S. G. Rautian, and R. L. Armstrong, ited by V. M Shalaev and M. MoskovittAmerican Chemical
Phys. Rev. Lett80, 1102(1998; W. D. Bragg, V. A. Markel, W. Society, Washington DC, 1998pp. 152—-168.

165403-14



