PHYSICAL REVIEW B VOLUME 55, NUMBER 19 15 MAY 1997-I

Theory of giant Raman scattering from semicontinuous metal films
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The local electric fields in a semicontinuous metal film are shown to exhibit giant fluctuations in the visible
and infrared spectral ranges, when the dissipation in metallic grains is small. The field fluctuations result in
significantly enhanced Raman scattering from semicontinuous metal films. The scaling analysis is performed to
describe giant Raman scattering in the vicinity of the percolation threshold. A theory of Raman scattering from
these films is developed. A numerical method based on the theory is suggested and used to calculate Raman
scattering from silver semicontinuous films. Results of the simulations are compared with recent experimental
observations[S0163-182807)03119-9

. INTRODUCTION modificationss~"*® The renormalization group method is
also widely used to calculate effective dielectric response of
The optical properties of metal-insulator thin films have 2D percolating films near the percolation thresh@ee Refs.
been intensively studied both experimentally and theoreti14 and 15, and references thepeiHowever, none of these
cally. Semicontinuous metal films with a two-dimensional theories allows one to calculate the field fluctuations and the
(2D) morphology are usually produced by thermal evaporaeffects resulting from these fluctuations.
tion or sputtering of metal onto an insulating substrate. In the This paper is concerned with the large local electromag-
growing process, first, small metallic grains are formed ometic (em) fields that arise in surface-enhanced Raman scat-
the substrate. As the film grows, the metal filling factor in-tering — one of the most intriguing optical effects discov-
creases and coalescences occur, so that irregularly shapeted in the past 20 yeafsee, for example, Refs. 16 and)17
clusters are formed on the substrate, resulting in 2D fractabtrong fluctuations of the local fields play an important role
structures. The sizes of these structures diverge in the vicirin enhancements of a variety of nonlinear optical effects,
ity of the percolation threshold. A percolating cluster of such as four-wave mixing, nonlinear absorption and refrac-
metal is eventually formed, when a continuous conductingion, harmonic generation, eté!#The field fluctuations tend
path appears between the ends of the sample. The metd® increase significantly Rayleigh scattering from inhomoge-
insulator transitionthe percolation thresholds very close neous media’**?! The enhancements of the near-zone
to this point, even in the presence of quantum tunneling. Afields can trigger the optical bistability that may be consid-
higher surface coverage, the film is mostly metallic, withered as optical analog of the electric transistor with all the
voids of irregular shapes. As further coverage increases, tHeasic logic elements: Recently, the near-field fluctuations
film becomes uniform. were directly imaged by using scanning near-field optical
The optical properties of metal-dielectric films show microscopy?*?* Because semicontinuous metal films are of
anomalous phenomena that are absent for bulk metal argreat interest in terms of their fundamental physical proper-
dielectric components. For example, the anomalous absorjiies and various applications, it is important to study statisti-
tion in the near-infrared spectral range leads to unusual besal properties of the electromagnetic fields in the near zone
havior of the transmittance and reflectance. Typically, thedf these films. In this paper we study the near-field fluctua-
transmittance is much higher than that of continuoudions and enhanced Raman scattering resulting from these
metal films, whereas the reflectance is much lo@gee Refs. fluctuations.
1-7, and references therginNear and well below the To simplify theoretical considerations, we assume below
conductivity threshold, the anomalous absorptance can bigat the electric field is homogeneous in the direction perpen-
as high as 50%2°A number of effective-medium theories dicular to the film plane. This assumption means that the skin
were proposed for calculation of the optical propertiesdepth for the metal grainﬁscl(wM), is much larger
of semicontinuous random films, including the Maxwell- than the grain size,, so that the quasistatic approximation
Garnett! and Bruggemal? approaches and their various holds. Note that the role of the skin effect can be very im-
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portant, resulting, in many cases, in strong alterations of théosses are small, one anticipates very strong field fluctua-
electromagnetic response found in the quasistatitions. In this paper we develop a theory of Raman scattering
approximatior?>~28 Yet, the quasistatic approximation sig- enhanced by the strong fluctuations of the local fields.
nificantly simplifies theoretical considerations of the field Surface-enhanced Raman scatteri®ERS from rough
fluctuations and describes well the optical properties of semithin films is commonly associated with excitation of surface
continuous films providing qualitativeand in_some cases, plasmon oscillationgsee, e.g., Refs. 16 and J33lasmon
quantitative agreement with experimental dat& > ogcillations are typically considered in the two limiting
Below, we neglect the skin effect so that a semicontinuases1) oscillations in independerthoninteracting rough-
ous film can be considered as a 2D object. In the opticaess features of various shapes a@l surface plasmon
frequency range, when the frequenoyis much larger than \yayes (polaritons that laterally propagate along the metal
the relaxation rater ! of the metallic component, a semi- surface(see Refs. 16 and 33, and references thgréinre-
continuous metal film can be modeled as a BER—C gjity, there are strong light-induced interactions between dif-
lattice™*"The capacitanc€ stands for the gaps between ferent features of a rough surface and therefore plasmon os-
metal grains that are filled by dielectric materialibstraty  cjlations should be treated as collective surface excitations
W|th the d|e|eCtr|C COﬂStal’ﬁd . The |nduct|ve elementi' (eigenmodebthat depend Strong'y on the Surface morpho'_
R, represent the metallic grains that for the Drude metal havggy. Recently, such an approach was applied by Shalaev

the dielectric function et al. for description of the optical properties of random self-
) , affine thin films* and Raman scattering from such filfs.
em(@)=ep~ (wplw)/(1tiw,/w), (1) self-affine thin films are produced, for example, by deposit-

. I . . ing an atomic beam onto@ld substrate®®3’ Contrary to the
whereeg,, is a contribution tce due to interband transitions, " Y : :
case of “usual” roughness, there is no correlation length for

@p 1S the plasma fr_equency, anal,=1/7< wp 'S the relax- self-affine surfaces. This means that the inhomogeneities of
ation rate. In the high-frequency range considered here, th

losses in metal grains are small> Therefore the real all sizes are present in a self-affine film according to a
gre : O . power-law distributio’® The eigenmodes of a self-affine
part of the metal dielectric function is much larger modu-

lus) than the imaginary part and it is negative for the fre_surface are extremely inhomogeneous and tend to be
. ginary p ) 9 localized®* The localized areas with high local fields lead to
guencies w below the renormalized plasma frequency,

*_ 4 [\er. Thus th | ductivity is al | giant field fluctuations and they are primarily responsible for
wp = wp/ep. Thus the metal conductivity is almost purely o ennanced Raman scattering from rough self-affine thin
imaginary and metal grains can be modeled asltie ele- 51835 A qualitatively similar picture of SERS in random

ments, with the active component much smaller than the r€small-particle composite§including fractal onesin a 3D
active one. _ _ space was earlier suggested in Ref. 18.

_If the skin effect cannot be ngglepted, ie., the skin dgpth The self-affine surfaces described abéae well as small-

6 is smaller than the metal grain sizg, the simple quasi- paticle compositesshould be considered as 3D objects.
static presentation of a semicontinuous film as a 2D array Ogqyers, Blacher, and Sarychev obtained similar results for
the L-R and C elements is not valid. Still, we can use the e field distributions on a 2D semicontinuous metal fiftA:

L-R — C model in the Othgzg'm'“”_g case, when the skin aq in the case of disordered 3D systems, on a 2D semicon-
effect is very strongg<ap.” " In this case, the losses in inyous film, giant fluctuations of the electromagnetic fields
metal grains are small, regardless of the ratie,, whereas \yere predicted in Refs. 20 and 21. It was shown that the
the effective inductance for a metal grain depends on th@ctyations are very inhomogeneous and highly correlated in
grain size and shape rather than on the material constants fgbace. A correlation lengif, was introduced in Refs. 20 and
the metal. In this paper we restrict our consideration 10 the - py definition,&, is the length scale within which electric
quasistatic case. _ _ fields at different points of a film are correlated. In Refs. 20

The effective properties of the 2D-R — C 'att'cﬁs have  and 21 it was also shown that the smaller the losses in metal
been intensively studied during the last decadfe! How- grains, the larger the correlation lenggh; furthermore, a
ever, there was not much attention paid to the fact that thgyitical exponentr, was introduced for characterization of
spatial distributions of the local fields in such systems canq divergence of., occurring when a metal component of
exhibit rich nontrivial behavior. _ _ the film is loss-free(Note that the correlation lengt, de-

Itis mstructwe to consider first the film properties at the ¢ripes thdield fluctuations and has nothing to do with the
percolation thresholg., where the exact result for the ef- norcqjation correlation length, that has a purely geometric
fective dielectric constant, holds in the quasistatic caseé: meaning)
ge= Vegen. If we neglect the metal losses and set=0, the In this paper we investigate the field fluctuations in semi-
metal-dielectric constanty, is negative for frequencies continuous metal films and the enhancement of Raman scat-
smaller than the renormalized plasma frequengy. We  tering associated with these fluctuations. First, we present a
also neglect possible small losses in a dielectric substratgheory that expresses the enhancement of Raman scattering
assuming thatg is real and positive. Therge is purely  in terms of the local field fluctuations. It turns out that the
imaginary forw<wy . Therefore a film consisting of loss- enhancemen is simply proportional to the fourth power of
free metal and dielectric grains is absorptive dox w’; . The the local fields multiplied by the local conductivity squared
effective absorption in a loss-free film means that the elecand averaged over a random film. We develop a very effi-
tromagnetic energy is stored in the system and thus the localent method for calculating the local fields; the method is
fields could increase unlimitedly. In reality, the local fields in based on the real space renormalization group approach. We
a metal film are, of course, finite because of the losses. If thase this method to find the field fluctuations and Raman scat-
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tering from silver semicontinuous films and show that fordefining the nonlocal Conductivity matré(rzlrl). This ma-
w<wy (for silver, w; corresponds ta;~0.3 um) Raman trix represents the system response at pojnto the field
scattering can be enhanced, on average, by more than figrce |ocated at point,. The nonlocal conductivits can

orders of magnitude, in the vicinity of the percolation thresh-,o expressed in terms of the Green funct@rof Eq. (4):
old. The enhancement remains large in the far-infrared range

up to A=<100 pm. This enhancement is explained by using VAa(ry)[VG(ry,r)]}=68(r,—ry), (6)
the percolation theory. We determine the scaling behavior of h he diff . ith h o
Raman scattering and provide simple analytical estimation{/n€re the differentiation with respect to the coordingies

for the enhancement and the concentration range near tSUmed. _ .
percolation threshold where the enhancement occurs. We Comparing Eqs(4) and(6) and using the definition of the

also compare our calculations with recent experimenta!;\o"‘loc(‘;‘.I conductivity given in Eq(5), we obtain(see the
observations? In the end, we summarize the obtained re-~PPeNdi3

sults. 2
d°G(ry,rq)
Saﬁ(rzarl):U(rz)U(rl)W, (7)
Il. THEORY OF RAMAN SCATTERING 271
FROM INHOMOGENEOUS MEDIA where the Greek indices take values 1 or 2. As follows from

. . . . . the symmetry of Eq(6), the Green function is symmetric
We consider the optical properties of a semlcontlnuou§Nith respect to the interchange of its arguments:

film consisting of metal grains randomly distributed on a _ L
. . A : G(rq,ry)=G(r,,rq1). Then, Eq(7) implies that the nonlocal
dielectric substrate. The film is placed in the,y} plane, conductivity is also symmetric:

whereas the incident wave propagates inZluérection. The

local conductivitya(r) of the film takes either the “metal- S*B(ry,r5)=SPr,,1y). (8)
lic” values, o(r)=o0,,, in the metal grains or the “dielec- R
tric” values, o(r)=—iwey/dm, outside the metal grains. The introduction of the nonlocal conductivi§considerably

The vector ={x,y} has two components in the plane of the simplifies further calculations of the local field distributions.

film; o is the frequency of the incident wave. The gaps be-The symmetry ofS given by Eq.(8) is also important for the

tween metallic grains are filled by the material of the sub-following analysis.

strate, so that they introduced above is equal to the dielec-  Since the wavelength of the incident em wave is much

tric constant of the substrate. We assume that the electrigrger than all spatial scales in a semicontinuous metal film,

field in the film is homogeneous in the directianperpen- the external field E, is constant in the film plane,

dicular to the film plane; this means that the skin depth forge (r)=E,. The local fieldsE(r,) induced by the external

the metal, s=c/(w\ey]), is much larger than the metal field E, can be obtained by using the definiti¢s) for the

grain sizea,, and the quasistatic approximation can be apygn|ocal conductivityS as follows:

plied for calculating the field distributions. We also take into

account that the wavelength of the incident wave is much 1 .

larger than any characteristic size of the film, including the E(rp)= mj S(ra,r1)Eoedry. C)

grain size, the gaps between the grains, etc. In this case, the 2

local field E(r) can be represented as The local fieldsE(r,) excite Raman-active molecules that

are assumed to be uniformly distributed over the film. The
E(r)=—Va(r)+Eq(r), (2 Raman-active molecules, in turn, generate the Stokes fields,

. ) . Eq(r,)=x(r,)E(r,), oscillating at the shifted frequenay,

where Eq(r) is the external applied fieldto be exact, [,(r,) is the ratio for the Raman and linear polarizabilities of

Ec(r) is the macroscopic field; see discussion at the end of,e Raman-active molecule at the paipt. The Stokes fields

this section, and ¢(r) are the local potentials of the fluctu- EL(r) induce in the film current(rs) that are given by the

ating fields inside the film. The current densjty) at point equation similar to Eq(9):

r is given by Ohm'’s law,

i =a(r)[—=Veé(r)+EqLr)]. (3) js(rs)=f S(r3,rp)Eg(rp)dr,. (10
The current conservation law,-j(r)=0, has the form Since the Stokes-shifted frequeney is typically very close
to the frequency of the external fieldy — wg|/w<1, we can

VAo(NI=Vé(r)+E(r]}=0. ) set the nonlocal conductivitieS appearing in Egs(9) and

We solve Eq(4) to find the fluctuating potentialé(r) and (10 to be the same. _
the local fieldsE(r) induced in the film by the external field . 1he intensity of the electromagnetic wave, scattered

Eq(r). from any inhomogeneous system is proportional to the cur-
It is instructive to assume first that the external field €Nt fluctuations inside the system,

Ec(r) is pinlike, Eg(r)=E;4(r—r4), where thed(r) is the

Dirac delta function. The current density at arbitrary point |:>c< f [j(r)—{j)1dr 2>, (12)

r, is given by the linear relation
A where the integration is over the entire system and the angu-
j(ra)=S(r,,rq)Eyq, (5)  lar brackets{ ), denote the ensemble average. For Raman
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scattering, the mean includes averaging over the fluctuating | k|2

phases of the incoherent Stokes fields generated by different  {ls)> sz lo(r)|X(|E(r2) ) ol [E(r2)[?)odr,. (19
Raman-active molecules. Therefore the averaged current 0

density oscillating atvg is zero,(js)=0. Then, the intensity It is easy to showsee the Appendijxthat this equation can
of Raman scatterind,;, from a semicontinuous metal film be rewritten for a macroscopically isotropic system in the

acquires the form form
: 2 o B |«[? 2 4
lsoe{ | [ J()dr|2) =] (S™(r3,rz)x(ra)EA(ry) <IS>MWJ lo(ro)|*[E(ra)[*dr. (20)
X SFY(rg,rg) k*(rg) E*7(ry)) If there were no metal grains on the film, the local fields

would not fluctuate and one would obtain the following ex-
pression for Raman scattering:

where the summation over repeating Greek indices is im-

B:f:é All the integrations in Eq.12) are over the entire film |gocj | ogl 2| | 2| Eo| 2 5. (21)

Since the Raman field sources are incoherent, we have Therefore the enhancement of Raman scattedgiue to
the presence of metal grains on a dielectric substrate, is given
(k(r2) " (ra))=|xl?0(ro=ra), P J g

X dr,dradr,drg, (12

and Eq.(12) takes the form
| (9 (emPEN  (emIZEDY

A=l = =
Is |7al*|Eol* eqlEol*

(22)
ls“f (SP(r3,12)S*#(r5,rp) 6°*| k|?EF(rp) E* (1))
This result was previously obtained by Shalaev and co-
Xdr,drsdrg, (14  workers for small-particle compositeéncluding fractal
. o ones embedded in a 3D spade?® and for self-affine thin
where we introduced the Kronecker symtdt to simplify  fj5:35 the considerations in all these cases were based on

further considerations. Since a semicontinuous film is macg,q giscrete dipole approximation. Here, formg2®) was
roscopically homogeneous, Raman scattering is independeghaineq using a different approach, and it generalizes the
of the orientation of the external fiel,; therefore we can previous consideratioh&*®5 for the case of 2D semicon-
average Eq(12) over the orientations of th&, without in,0us films. Note that the derivation of E€2) is essen-
changing the result. The averaging of the productsigly independent of the dimensionality and morphology of a

EF(r,)E*7(r2) andEGE;” results in the expressions system. Therefore the enhancement of Raman scattering
1 given by Eq.(22) holds for any inhomogeneous system pro-
EB(rVE* Y(r = Z(E(r)|2)0 877, 15 vided the field fluctuations take place inside it. In particular,
(BA(r2)B*(r))o=5([E(r2)%0 (19 Eq. (22) gives the enhancement for Raman scattering from a
rough metallic surface, provided the wavelength is much
(EGES“)o larger than the roughness spatial scales; it can also be used to
T P (16) lcul h for R ing in th
o= EJZ calculate enhancements for Raman scattering in three-

dimensional percolation composites. Our theory implies that
where ( )¢ denotes the orientation averaging. Substitutingthe main sources for the Raman signal are the currents exited
Egs. (15 and(16) in Eqg. (14) and noting that the nonlocal by Raman molecules in the metal grains. This explains why
conductivity S is independent of the field orientations, we @ significant enhancement for Raman scattering is observed

obtain for the intensity of the Raman signal the result even for sufficiently flat metal surfacé%334°
We stress that the electric fiel, that appears in our

formalism is the averageénacroscopitfield insidethe film.
| Sa,B S* umB . . .. .
(I (r3,r2) (rs,r2) When the reflectance of the film is not negligible the field
. E, differs from the incident fielE;,. even in the quasistatic
EaE M L . . . .
(Eg 02 >0|K|2<|E(I'2)|2>0dl’2dl’3dl’5. 17 limit. For 2D films, the internal field, can be easily found
|Eol in terms of the incident fiel&,,.. Let a film be placed in the
o . . planez=0, and the em wave, with the electric field parallel

eraging) Now we can use the symmetry of the nonlocal ;> semispace at some angléo thez axis. The amplitude
conductivity given by Eq(8) to rewrite Eq.(17) as of the em field in thez>0 semispace is equal to
2 . .
K =F. — — . .
<Is)°<J (Sﬁ“(rz,rg)ES’S*B”(rz,r5)E3“>o—||E||z E-(112) = Eincexp(—Tkzz=10:1) + Ry(6) Eine
0 X exp(ik,z—iq-r), (23

X{|E(r,)|?)odrdrzdrs. 18
([B(r2)[%)odradradrs (18) where Ej,. is the amplitude of the incident wave,

Integrating over the coordinateg andrs and using Eq(9), k={q,k;}, k,=kcosd is the wave vector of the incident
we obtain wave, Rq(0) is the reflectance of the film for thepolariza-
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tion, andr={x,y} is a vector in the fiim plane. The field

below the film ¢<0) takes the form A B
E_(r,2) =Ty 0)E,cexp(—ik,z—iq-r), (29 C D
whereTg(6) is the film transmittance for the polarization. E ¥ ——

According to Eq.(24), the field at the back surface of the
film can be written as

Eo(r,0)=Ts(0)Eincexp(—iq-r). (25)

The same equations are valid for {hgolarized wave. Since
we assume that the film thickness is much smaller than th
skin depths and therefore the field inside the film is homo-
geneous in the direction, Eq.(25) actually gives the aver-
age electric field inside the film. All relevant scales in the
film are supposed to be much smaller than the wavelength, N \2

A~1/g, and we can omit the fact@ '9"", when considering A(p=1) :( ) ) (32
the field distribution in the film. Thus we obtain that the field meqd

Ey is related to the field of the incident wavg,,., as

FIG. 1. The real space renormalization scheme.

g—l() even for the case when the skin effect is negligible
considered here. Substituting this result in E2fl), we ob-
tain

Since the wavelength is much larger than the film thick-

Eo=T<(0)Ein. (26) nessd there is a significant enhancement, even for pure me-
tallic films.
for the s-polarized wave, and
Eo=T,(6)E, 0¥ (27) lIl. NUMERICAL SIMULATIONS
o e ne FOR FIELD DISTRIBUTIONS
for the p polarization. Therefore the enhancem¢2®) for IN SEMICONTINUOUS METAL FILMS

Raman scattering should be rewritten, in a general case, as ) ) _
To calculate Raman scattering from a semicontinuous

<|e(r)|2|E(r)|4> metal film, one needs to know the field and current distribu-
RTAE (28 tions in the film. There exist now very efficient numerical
di=o methods for calculating the effective conductivity of com-
For a purely dielectric filmassumed to be transpargnt POSite materialgsee Refs. 3 and)Sbut they typically do not
we obtain from Eq(28) the expected resula=1. gllow calculations of the field (_Jllstr_lbutlons. Here we used
For the normal incidence. we have instead the real space renormalization gréRSRG method
' that was suggested by Reynolds, Klein, and Stdhlend
Eo=TEj, (29 Sarychef? and then extended to study the conductitignd
) . permeability of oil reservoir§! Below we follow the ap-
where the normal transmittande=T(0)=T(0) is given  r5ach used by Aharorfif. This method can be adapted to
by the well-known equatiofsee, e.g., Refs. 10 and)19 finding the field distributions in the following way. First, we
1 1 generate a square lattice of theR (meta) andC (dielectrig
= = . (30) bonds, using a random number generator. As seen in Fig.
1+2modic 1—imecd/N 1(a), such a lattice can be considered as a set of the “corner”
Hered is the film thicknessg, ande, are, respectively, the €léments. One of such elements is labelethasDEFGH), in

effective conductivity and the dielectric constant of the film, F19- 1(@. In the first stage of the RSRG procedure, each of

and\ is the wavelength of the incident wave. Thus for thethese elements is replaced by the two Wheatstone bridges, as
normal incidence Eq28) transforms to shown in Fig. 1b). After this transformation, the initial

square lattice is converted to another square lattice, with the
“2(|e(r)|2|E(n)|* distance between the sites two times larger and with each
32|E K (31) bond between .the two nearest ne|ghbor|ng sites being the
di=o Wheatstone bridge. Note that there is a one-to-one corre-
The transmittance of a semicontinuous film is of the order oSpondence between thlxebonds in the initial lattice and the
unity, for sufficiently small metal concentratioqs<1. It  x bonds in thex directed bridges of the transformed lattice,
takes the valuer=1/4 for the concentrations close to the as seen in Fig. (b). The same one-to-one correspondence
percolation threshold, where the anomalous adsorption iexists also between the bonds. The transformed lattice is
observed®~1° Therefore the presence of the transmittancealso a square lattice, and we can again apply to it the RSRG
factor in Eqgs.(28) and (31) does not change much the en- transformation. We continue this procedure until the ia€
hancement of Raman scattering. One can still use(E2). the system is reached. As a result, instead of the initial lat-
for a qualitative estimation of the enhancement in this contice, we have two large Wheatstone bridges in xhandy
centration range. However, the transmittance vanishes vemirections. Each of them has a hierarchical structure consist-
fast for p>0.8, and the Raman signal is also anticipated tang of bridges with the sizes from 2 fo Because the one-
decrease, in this case. For a pure metallic fipm; 1, the  to-one correspondence is preserved at each step of the trans-
transmittance is smalll|2~(\/m|e|d)?<1 (Refs. 6 and formation, the correspondence also exists between the

A( a)s,p: |T( 0)5,p|2

T

e d
A=11- N
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elementary bonds of the transformed lattice and the bonds of
the initial lattice.

After using the RSRG transformation, we apply an exter-
nal field to the system and solve the Kirchhoff equations to
determine the fields and the currents in all the bonds of the
transformed lattice. Due to the hierarchical structure of the
transformed lattice, these equations can be solved exactly. 3000
Then, we use the one-to-one correspondence between the 20004
elementary bonds of the transformed lattice and the bonds of 1000
the initial square lattice to find the field distributions in the 0l
initial lattice as well as its effective conductivity. The num- S
ber of operations to get the full distributions of the local
fields is proportional td? (to be compared with’ operations
needed in the transform-matrix metRoand |® operations (@
needed in the Frank-Lobb algorithfinone of those meth-
ods give the local field distributiopnsWith our method, it
takes only a few minutes to calculate the effective conduc-
tivity and field distributions in a system 108@000 using a
computer like the Pentium-200.

The RSRG procedure is certainly not exact since the ef-
fective connectivity of the transformed system does not re-
peat exactly the connectivity of the initial square lattice. To
check the accuracy of the RSRG, we solved the 2D perco-
lating problem using this method. Namely, we calculated the OJ
effective parameters of a two-component composite with the
real metallic conductivityo,, much larger than the real con-
ductivity o4 of the dielectric componentr,>o4. We ob-
tained the percolation thresholg,=0.5 and the effective (b)
conductivity at the percolation threshold that is very close to

a(pe) = VUmUd-_Thzese results coincide with the exact ones kg 2. The electric field intensities on a silver semicontinuous
for 2D composites? This is not surprising since the RSRG fijm at the percolation threshold, for the wavelength 0.5 um; (a)
procedure preserves the self-duality of the initial system. The, ()= |E(r)|2 and (b) 1,,(r) = |E(r)|*.

critical exponents obtained by the RSRG are also close to the

known values of the exponents from the percolation théory.applied field by more than three orders of magnitude, for
Therefore we believe that the local fields we obtain here ar¢,, and by more than seven orders of magnitude] foit is
close to the actual ones. worth emphasizing that these giant fluctuations occur in a
macroscopically homogeneous system. This kind of fluctua-
tion was likely observed in recent experimefft®reviously,
giant fluctuations were reported for fractal clusters2347
The giant fluctuations can result in large enhancements of a
number of optical effect’’

We use the method described above to calculate the field Using Eq.(22), we can find the enhancement of Raman
distributions in silver semicontinuous films and the enhancescattering for the calculated field distributions. The results
ment of Raman scattering induced by the field fluctuationsare shown in Fig. 4. As seen in the figure, Raman scattering
We model a film by a square lattice consisting of metallicis enhanced by more than five orders of magnitude in the
bonds, with the conductivityr,,= —iew/47 (L-R bondg  vicinity of the percolation thresholg.. The enhancement
and the concentratiop, and dielectric bonds with the con- occurs for frequencies smaller than the renormalized plasma
ductivity 4= —ieqw/47m (C bondg and concentration frequency,w;‘ , and it remains very large up to the far infra-
1-p. The external fieldE, is set to be equal to unity, red.

Eo=1, whereas the local fields inside the system are com- One could anticipate that the local fields experience giant
plex guantities. The dielectric constant of the silver grainsfluctuations in a semicontinuous film fap< w; . In this

has the form of Eq(1), with the interband-transition contri- frequency range, the real part of the metal-dielectric constant
bution ,=5, the plasma frequency,=9.1 eV, and the ¢ is negative and its absolute values are of the order of
relaxation frequencys,=0.021 eV*® unity, i.e., they are close to the dielectric constant of the film

The intensities of the local electric fields(r)=|E(r)|?  substrategy. Therefore the conductivities of the-R and
andl,(r)=|E(r)|*, are obtained by the RSRG method, andC elements in the equivalent network have opposite signs
the results are shown in Figs. 2 and 3, for the wavelengths adnd they are close to each other in absolute values. Thus a
the external em fieldh=0.5 um andA =20 um. The con- semicontinuous film, in this case, can be thought of as a
centration of metal particleg, is chosen to be equal to the system of the contours tuned in resonance with the external
one at the percolation threshold=p.=0.5. As seen in the field frequency. These resonance modes are seen as giant
figure, the intensity fluctuations exceed the intensity of thespatial fluctuations in the field distributions over the film.

6000+
5000

4000+

x10

IV. GIANT FIELD FLUCTUATIONS
AND ENHANCEMENT OF RAMAN SCATTERING
IN SEMICONTINUOUS METAL FILMS
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percolation theory.Since Raman scattering has a maximum
near the percolation threshagbd , we assume, for simplicity,
that the concentration of the conducting particlesis ex-
actly equal to the percolation threshopos p.. We consider
the case when the frequeney is much smaller than the
plasma frequencyw<w,, so that the contrast can be ap-
proximated aus(wp/w)2/8d>1. We also assume that
w>w,, e, the losses in the metal grains are relatively
small. To find the field distributions over the system, we
apply the known renormalization proceddté? dividing a
system in squares of sizeand considering each square as a
new element. All such squares can be classified by two
types. A square that contains a path of conducting particles
spanning over is considered a ‘“conducting” element. A
square without such an “infinite” cluster is considered a
nonconducting — “dielectric” element. Following the
finite-size argument$? the effective dielectric constant of a
“conducting” square,ey (1), decreases with increasing size

| as

6000

5000

4000

3000

2000

1000

100

gx(h)=(l/ag) Ve, (33

wherea, is the metal grain size, artdand v, are the critical
exponents for the conductivity and the percolation correla-
tion length, respectively. For a 2D systetny v,=4/3>%
The effective dielectric constant of the “dielectric” square,
ey (1), increases with increasing siteas

gf()=(/ag)¥"req, (34)

_ FIG. 3. The eIe_ctric field intensities on a silver semicontinuous\,\,heres is the critical exponent for the static dielectric con-
film at the percolation threshold, for the wavelength 20 um; (a) stant's~ v.=4/3 for a 2D systerﬁ’30
1 p .

— 2 _ 4
2(r)=E(N)I* and (b) 1(r)=|EM)". We now set the square sitdo be equal to

WhaF might be more §urprising is the fact that the giant I=1*=aq(|e}|/eq) "/ +9, (35)
fluctuations of the local fields also occur far< w; , when C _ _
the contrasH =|e|/e4>1. If the contrasH>1, the con- Wheresp+ie"n=Re(ey) +ilm(sy). Then, in the renormal-
ductivities of theL-R andC elements of the equivalent net- ized system, where each square of the $fzés considered
work are quite different and a single contour cannot be exas a single element, the ratio of the dielectric constants of
cited by the external field. these new elements is equal to

To understand the origin of the giant field fluctuations for

the large contrastl>1, we invoke scaling arguments of the em(IM)/eg (") =em/len|=—1+ix, (36)

with the loss factok=¢",/|e/|~w/w,<1. (Recall that in
the visible and IR spectral ranges the real part of the metal

@

= dielectric constantg,,, is negative and large in the absolute
ES\ Vi values,|e/|>¢eq.) _ .
5 //;;///////% i 2 “":““i It follows from Eq.(36) that the renormalized system is a
Q T Sl \ ;
2, /////////////////4//9,,,;;//,,,7/ SN system of thelL-R and C elements tuned in the resonance.
g /4/////////////}/7///////////////%; ﬁﬁ;‘\\“‘\‘\‘\\:“‘:\‘ﬁ:\:“‘\\‘ﬁ““\‘e\\\\i Therefore the local electric field&* (1*) are significantly
g . il //////// ,, W,'».;“\:“\\‘\\“‘w‘\‘\“\“\‘\e““‘\\\|\\\\\\||\\\“\\\ enhanced in comparison with the external fieljd As shown
2 / /i '““‘\\\\\\\\\\\\‘\‘“‘““\‘\\|\\\\‘\‘\“\\|\\\\“““|\\\\;‘ in Refs. 20 and 21, in a 2D system with the ratiosgf to
ol ,%‘“\ﬁ\‘ﬁ‘“““{“\\\\\&\“&\\‘\\\‘\‘\\\\\\\\\‘ g4 given by Eq.(36), the fieldE* can be estimated as
2 il ' TR TR
“ ! :
\"\\//l/:‘c:\“‘\‘\\“““‘ s °° where the critical exponent introduced in Refs. 20 and 21
o8 0 ' ) is about unity,y=1.0.[Note that for small-particle compos-
7\1 metal concentration

ites the exact result, withy=1, was proved in Ref. 47; see
also, for example, Eq.7.4) in Ref. 17]

FIG. 4. The enhancement factarfor Raman scattering from a Now we can estimate the field fluctuations in the original
silver semicontinuous film as a function of the metal concentratiorsystem. The field is still inhomogeneous for scales less than
p and the wavelength. I*. There are many finite-size metal clusters, even inside a
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square of the sizE* that is considered to be a dielectric one.
The voltage applied to the square drops mainly in the gaps
between the metal clusters. Moreover, the field mainly con-
centrates at the points where these clusters closely approach x
each other, so that the distances between the clusters are of
the order of the metal grain siz&,. We assume that the
number of such points with closest approach of clusters does
not depend on the siZesince the film is scale invariant at
p=p.. A typical voltage drogJ* across a square of the size

I* is approximated abl* =E*1*. Therefore the local elec-

tric fields E,,. concentrated at the points of the closest ap- or
proach can be estimated as

Enhancement

Ejoc™ E*|*/aozE0(|8r,n|/8d)y’)/(t+s)’<_ylz- (38 1010“ 1("J° 16‘ 10°
Wavelength :
Above, we estimated the field fluctuations in the “dielec-

tric” squares. The structure of the finite clusters in the “con-  F|G. 5. The enhancement factarfor Raman scattering from a
ducting” squares is basically the same since the only differsilver semicontinuous film at the percolation threshold. The points
ence between the two types of squares is the presence ofage results of the numerical simulations; the solid line represents
conducting path through the square. This path does not affeetsults of calculations based on E43).

the largest fields inside the squares. In both cases, the fields

are mainly concentrated in the gaps between finite clusters. A~9.0e/ 3 (e4el?). (43)
Therefore the field fluctuations in the “conducting” clusters
can also be estimated by E@S). In Fig. 5, we show results of our Monte Carlo simulations for

Because the local fields concentrate in the regions of th®aman scattering from a silver semicontinuous film at the
closest approactwith the size about,) of metal clusters, percolation threshold and results of the calculations based on
the averaged fourth power of the local fields can be estimatethe formula(43). One can see that E(43) fits the numerical
from Eq.(38) as results for almost all the frequencies, such that>1. At the

small frequenciespw =1, we observe some deviation from
(|E|*Y<EpJ(1*)2=E}(|e/|leq)?'T9k™27. (39)  Eq.(43). It is not surprising since the above consideration is
based on the assumption that losses are small. We believe
tthat EqQ.(43) can be used to estimate the enhancement for

I%(;altglelgs”s=_sd, we I‘:'}E'm‘;ﬁely or?tam fromtE?s(RZZ) and (Raman scattering from any kind of semicontinuous metal
(39) the following result for the enhancement of Raman sca films as well as for other 2D metal-dielectric percolation sys-

tering: tems.

/ 20 I(+S) (| o |17\ 2y To estimate Raman scattering in the case of a three-
A (lemllea)™? (Jeml/em)™. (40 dimensional percolating system, we should [gttinstead of
Substituting the values of the critical exponents for 2D sys4*?2 in Eq. (39). Following then arguments similar to those
tems,t~s~v,=4/3 (Refs. 4, 30, and pand y= 1.02Y we  used to obtain Eq41), we find for the enhancement of Ra-
arrive at the following simple formula for the enhanced Ra-man scattering in 3D the formula
man scattering in a two-dimensional percolation system:
|s;n|) ”v’“*S)( |e;n|>27

Acx|e] |3 (eqem?). (41) A(D=3)<><<8—d "

m
If the values of the metal dielectric constant can be approxii
mated by the Drude formuldl), the relation (41), for
wp> 0> o,, acquires the form

(44)

t is difficult to estimate the enhancement of Raman scatter-
ing for three-dimensional percolating systems since the
critical exponenty is unknown, in this case. The exponent
2 v must be positive for a 3D system since the large field
Ax(@pr) g, “42) fluctuations are anticipated to occur in a 3D network of the
wherer=1/w, is the relaxation time. According to E(2), L—C elements tuned in resonance with the external figld
at the percolation threshold, the enhancement of Raman scdahe same manner as in 2D systgn®n the other hand, the
tering in a semicontinuous metal film is independent of thevalue of the exponeny for the 3D case probably does not
frequency, for the wide spectral range)>w>w,. This exceed that in the 2D case. This is because in two-
result holds for any semicontinuous film, where the dielectriacdimensional systems the fluctuations are typically larger than
constant of a conducting component can be approximated by three-dimensional systems. The combination of the critical
the Drude formula. exponentsy,/(s+t) in Eq. (44) is about 1/3(Refs. 4 and b
There is, of course, a prefactor in E¢41) and(42) that  and it is smaller than 2,/(s+1t)~ 1.0 appearing in E40)
cannot be found from the scaling arguments used above. Bigr D=2. Therefore the enhancement of Raman scattering
comparing results of calculations for Raman scattering fol-given by Eq.(44) can be smaller for a 3D percolating system
lowing from Eq.(41) and numerical simulations, we find that than in the 2D case. Still, the enhancement of Raman scat-
the prefactor is close to 9.0. Then, Edl) can be rewritten tering in three-dimensional metal-dielectric systems at the
as percolation threshold is anticipated to be huge in the visible
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and infrared spectral ranges. Observation of Raman scatter- The above scaling analysis for Raman scattering in a per-
ing in a 3D percolating system could give important infor- colation system was performed in the quasistatic limit; spe-
mation on the field distributions and the nature of the metal<cifically, we assumed that the skin effect is negligible in the
dielectric transition which is still not completely understood metal grains. As mentioned in the Introduction, in the other
(see discussion in Ref. 48, and references thgrein limiting case, when the skin effect is very strong and the skin
Note that the above results for surface-enhanced Ramadepth s is much smaller than the grain sizé&<a,, one can

scattering from percolation systems are different from thosgepresent a metal-dielectric percolating composite as a sys-
for SERS from fractal aggregates g particles obtained pregem of theL — C elements. In this case, the inductance of a
viously by Shalaev and co-worket§:®This is not surprising e grain depends on its size and shape, rather than on the

since a small-particle fractal aggregate is, of course, V€Y alues of the metal dielectric constants. The losses in the

different from a percolatlon system. In partlcular, for a frac metal grains are proportional to the ratta,<1, i.e., they
tal, p—0 with the increase of a cluster size, whereas for a ST .

i . are negligible in this case too. Therefore, near the percolation
homogeneous, on average, percolation sygtenm. Also, it

is worth noting that the fractality provides strong mode Io-threShOId’ giant Raman scattering can be observed for any

calization and therefore the field fluctuations are especiall)l/<Ind of percolating composites, even for the case of strong

large!”*” In accordance with this, SERS from fractals is skjn_ effect. The prime candidates 'here are composites con-
larger than from percolation systems. We stress that in all thEining strongly elongated metal inclusions. As shown in

cases, for fractals and percolation systems, the enhancemédrgf- 49, the giant field fluctuations occur in these compos-
occurs because of the strong field fluctuations. ites, at least in the microwave range.

Now we evaluate the concentration range where the esti- AS follows from the above discussion, the field intensities
mations(40)—(43) for a semicontinuous film are valid. Equa- in & semicontinuous filmE(x,y)|?, can be viewed as peaks
tions (40)—(43) give the enhancements of Raman scatteringvith the amplitude€E? . separated by the distancés given
at the percolation thresholg=p.. But they should also be by Egs.(38) and (35), respectively. The amplitudes of the
valid in some vicinity ofp., where the sizé* of the renor- peaks, as well as a typical distance between thiémijn-
malized squares is smaller than the percolation correlationrease with decreasing frequenay, This picture is in quali-
length, £,=ao(|p—pc|/pc) "7, that diverges at the percola- tative agreement with Figs. 2 and 3.
tion threshold. Equating the values Idf and ¢,, we obtain Note that despite the large distances between the field
the following estimation for the concentration range wherepeaks,|* >a,, the field fluctuations are highly correlated in
the giant enhancement of Raman scattering predicted by Egpace. Indeed, the field fluctuations are correlated even for
(43) can be observed: the “resonance” system, with the/eq~—1+ik, as

shown in Refs. 20 and 21. The corresponding correlation

length is equal tof; =agk~"e, where v,=0.4 is a critical
Ip—pel/Pe=(eq4/lep) 9. (45)  exponent introduced in Refs. 20 and 21. The correlation

length &, tends to infinity, when the system’s losses vanish.

tis i . hat th has b This correlation length corresponds to the renormalized sys-
(Itis interesting to note that the same range has been eslgyy |y the original system, the correlation length for the
mated in Ref. 31 for the anomalous absorptioRor 2D field  fluctuations, ¢ can be estimated as

L] e

semicontinuous metal films, the critical exponents are o= £ (1* 1ag) =ag(w,/ w) (wlw,)". Therefore it is much

s~t~v,=4/3, and the above relation acquires the form larger than a typical distance between the peaks in the local
field distribution. Note that the strong field fluctuations in a
semicontinuous film are associated with excitation of the col-
lective eigenmodes of the film.

Raman scattering from a silver semicontinuous film was
For the Drude metal, in the frequency rangg>w>w,, studied 9in recent experiments by Gadenne, Gagnot, and
relation (46) can be rewritten as Massori® (at the wavelength = 0.458,.m). The authors ob-

tained giant enhancements for Raman scattering in the con-
centration rangé\ p=0.55 around the percolation threshold:
|p_pc|/pcg8§/8(w/wp)3/4_ (47) p.—0.35<p<p.+0.2. We use Eq.46) to estimate the
rangeAp. Substituting the known values for the dielectric
constants of silver grains,e,=—7.058+0.213 at
As follows from Eq.(47), the concentration range for the A=0.470 um (Ref. 50 and for a glass substrateq=2.2,
enhanced Raman scattering shrinks when the frequency dere obtainA p=0.6, in good agreement with the experimental
creases much below the renormalized plasma frequencybservations. The experimental results also agree with our
w; = wp/\/s_b. This result is in agreement with our computer calculations shown in Fig. 4. One can see that for the wave-
simulations(see Fig. 4. lengthA=0.5 um, the SERS has a plateau near. More-

From the above analysis, it also follows that the resultsover, our calculations reproduce a fine structure in the en-
presented in Fig. 5 are valid in a relatively large intervalhancement of Raman scattering observed in the experiments.
aboutp,. It is also interesting to note that the theoretical The enhancement has two small maxima, below and above
prediction that SERS is almost frequency independent in the., with a minimum in between. Outside the plateau, Raman
long-wavelength part of the spectryisee Eq(42) and Fig.  scattering drops down by several orders of magnitude. Note
5] is in agreement with experimental observatiéh that for quantitative comparison with the experiment it is

Ip—pel/Pe=(e4/|en)®. (46)
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necessary to multiply the enhancement by the film transmit- ACKNOWLEDGMENTS
tance squaredTs ,(6)|* [see Egs(28) and (31)]. This will
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As mentioned, the concentration range for the enhanceder Grants No. CRG-950097 and HTECH.LG951527.
ment of Raman scattering is close to the metal concentrations

for which the anomalous absorptance is obsefifed? In APPENDIX
Refs. 25, 26, 31, and 51, the anomalous absorptance in a
semicontinuous metal film was interpreted as a result of light In this appendix we derive Eq7) for the nonlocal con-
localization in the film. The em excitations are associatediuctivity matrixS*4(r,,r,). For this purpose, we rewrite Eq.
with the resonance collective modes located in different part§4) in the following way:
of a film. The mode localization also leads to strong field
fluctuations over the filmM>° Similar arguments were used
in Refs. 17, 18, and 31 to explain the enhanced absorption in
3D small-particle composites.

In some cases, one can also observe small peaks in R&he solution of this equation can be expressed in terms of the
man scattering for concentrations far belpw. We attribute ~ Green functionG, given by Eq.(6), as
them to the excitation of finite metal clusters. This probably
accounts for the experimental results on SERS from the low-

V-[a(r)Ve(r)]=V-[o(r)Ee(r)]. (A1)

concentration granular Ag films. ¢(r2):f G(ry,1)V-[o(r)Eg(r)]dr. (A2)
V. CONCLUSIONS Integrating in Eq(A2) by parts, we obtain
In this paper we developed a theory expressing Raman G(rp,r)
scattering in terms of the field fluctuations in inhomogeneous P(ry)= —f ar‘; [a(r)Eg(r)]dr, (A3)

media, such as 2D semicontinuous films. We showed that the

enhanced Raman scattering is proportional to the averageghere the summation over repeating Greek indices is im-
fourth power of the local fields. It follows from the theory plied. Substituting the external field,5(r —r,) applied at
that the main sources for the Raman signal are the currentBe coordinate; and integrating over the coordinate we
inside the metal grains excited by the Raman-active molobtain

ecules.
i ield distributions G(ry,ry)
We.also_studled the f|g|d dlstr|but|9|js in the near zone of B(ry)=—a(ry) . Eff (A4)
a semicontinuous metal film, for the visible and IR ranges. A ary

very efficient numerlcgl method ba;ed on the rgnormahzafor the potential at the coordinatg. The current density at
tion group approach is used for direct calculations of th

&he coordinate, is equal to
field fluctuations in a percolation system. The local field dis- 2 q

tributions were then used to calculate the enhanced Raman _ G(ry,ry)

scattering based on the obtained theoretical formula. We J“(f2)=0(f2)0(r1)W

showed that near the percolation threshold of a semicontinu- 271

ous metal film, Raman scattering is enhanced, on average, §yomparing this equation with the definition of the nonlocal

more than six orders of magnitude. The local enhancemerjonductivity S given by Eq.(5), we arrive at Eq(7), which

can exceed the average one by many orders of magnitudexpresses the nonlocal conductivity in terms of the Green

The enhancement covers a large spectral range, from thignction G.

visible to the far infrared. Below, we show how Eq(20) can be obtained from Eq.
We also performed the scaling analysis for the field fluc-(19). For this, we rewrite Eq(20) in the form

tuations and obtained analytical expressions for estimating

SERS from a semicontinuous metal film. At the percolation deu ra s B

threshold, in a wide spectral range, the enhancement is pro- <|S>“Wf |o(r)[PE* (N E*“(r)EA(r)E*A(r)dr,

portional to the square of the product of the plasma fre- (AB)

guency and the relaxation time and is independent of the . o L .
frequency of the applied field. Our scaling analysis showé"’here the integration is over the entire film plane. Using Eq.

that the enhancement of Raman scattering is associated wit): We can rewrite Eq(AB) in terms of the applied field
excitations of the collective eigenmodé&nsisting of spa- Eo as

tially separated sharp peaksn a semicontinuous film. We Pt

also estimated the concentration range near the percolati(éms>o< 2] | (1) ~2S*¥(r,r1)S* *%(r, 1)

threshold, where Raman scattering is significantly enhanced. |Eol

This range shrinks with decreasing the frequency and col- N " Y% S\ =
lapses to the percolation threshold itself in the far-infrared X SPN(1.rg) S*PH(r 1) EE* GEGE* fdradrpdrgdrdr.
range. (A7)

EX. (A5)

|«[?
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For the macroscopically isotropic systems considered here,
Raman scattering does not depend on the direction of the

applied fieldE,. Therefore we can average H#7) over the
orientations of the fieldEy, without changing the result. The
only term in Eq.(A7) to be averaged over the orientations is
the productEJE* SEAE* 4 since the nonlocal conductivity

matrix S defined by Eq(5) is independent of the fiel&,.

F. BROUERSet al.

1
(ESESEOES)o=5 ((EES)o(ESES) o+ (ESED) ol EGES o

+(EJEE)o(ESED)0)- (A8)

Substituting the decomposed averade}E* SESE*4)o in

The applied fieldE, is supposed to be linearly polarized and Eq. (A7) and integrating over the coordinates,r,,rz,r4,
therefore its amplitude can be chosen to be real. Thus wee obtain Eq.(19). This proves that Eq€19) and (20) are
obtainEJE* SESE* 4=EJESENEL . After the averaging over equivalent.

the orientations this product takes the form
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