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Local electric and magnetic fields in semicontinuous metal films:
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A theory of optical, infrared, and microwave response of metal-dielectric inhomogeneous films is developed.
The generalized Ohm’s law is formulated for the important case, when the inhomogeneity length scale is
comparable with or larger than the skipenetratioh depth in metal grains. In this approach electric and
magnetic fieldoutsidea film can be related to the currenitsidethe film. Our computer simulations, with the
use of the generalized Ohm’s law approximation, reproduce the experimentally observed prominent absorption
band near the percolation threshold. Calculations show that the local electric and magnetic fields experience
giant spatial fluctuations. The fields are localized in small spatially separated peaks: electric and magnetic hot
spots. In these hot spots the local fielbsth electric and magnejiexceed the applied field by several orders
of magnitude. It is also shown that transmittance of a regular array of small holes in a metal film is strongly
enhanced when the incident wave is in resonance with surface polaritons in the film. In addition, there is a skin
resonance in transmission, which is of a purely geometrical nature.

[. INTRODUCTION elementary scatterer on the surface. As each elementary
wave is given not only by its amplitude, but also by its
Random metal-dielectric films, also known as semicon{phase, this sum will be a vector sum. The scattered wave is
tinuous metal films, are usually produced by thermal evapothen distributed in various directions, though certain privi-
ration or spattering of metal onto an insulating substrate. Ideged directions may receive more energy than others. By
the growing process, first, small clusters of metal grains areontrast, when the inhomogeneity length scale is much
formed and eventually, at a percolation threshold, a continusmaller than the wavelength, the resolution of the wave is too
ous conducting path appears between the ends of the sampsgnall to “see” the irregularities, therefore the wave is then
indicating a metal-insulator transition in the system. At high-reflected specularly and transmitted in well-defined direction,
surface coverage, the film is mostly metallic with voids of as if the film were a homogeneous layer with bulk effective
irregular shape, and finally the film becomes a uniform metaphysical propertiegconductivity, permittivity, and perme-
film. Over the past three decades, the electric-transport propgjlity) that are uniform. The wave is coupled to the inho-
erties of semicontinuous metal films have been a topic Ofyogeneities in such a way that irregular currents are excited
active experimental and theoretical study. The classical pefsn the surface of the layer. Strong distortions of the field
colation theory had been employed to describe the anomgpqp, appear near the surface; however, they decay exponen-

Itpus beha}[\r/:or of thf goniﬁctlvgﬁéns othet: tr_?nsporthproperﬁa"y so that far enough from the surface the wave resumes
ies near the percolation thres :Recently it was shown ;. plane-wave character.

that quantum effects, such as tunneling between metal clus- The problem of scattering from inhomogeneous surfaces

ters and electron localization, become important at the per: ; . .
colation even at room temperatuigee Refs. 5-8 and refer- has attre_lcted attention since the “”.‘e qf Lqrd Raylé?gh_ue
to the wide range of potential application in, e.g., radiowave

ences there n The low-frequency divergence of the . .
dielectric-constant was predicted theoreticallyand ob- and radar techniques, most efforts have been concentrated in
the regime where the scale of inhomogeneity is larger than

tained then experiment_alﬁ/. _ _ 28 ,
In this paper we will consider the optical response Ofthe wavelength In the last decade, a problem of localiza-
metal-insulator thin films. Although these films have beention of surface polaritors and other “internal modes” due
intensively studied both experimentally and theoreticallyto their interaction with surface roughness, attracted a lot of
(see e.g., Refs. 3,4,10-22he important role of giant local- attention. This localization is found to manifest strongly in
field fluctuations was not considered in these earlier studieghe angular dependence of the intensity of nonspecularly re-
A two-dimensional inhomogeneous film is a thin layer flected light, leading to the peak in the antispecular
within which the local physical properties are not uniform. directiorf® and other “resonance directiong’*®The devel-
The response of such a layer to an incident wave dependsoment of near-field scanning optical microscopy has opened
crucially on the inhomogeneity length scale compared to théhe way to probe the surface polariton field above the surface
wavelength and also on the angle of incidence. Usuallyand visualize its distributiorifor review, see, for example,
when the wavelength is smaller than the inhomogeneitysee Ref. 29.In this paper we consider another limiting case,
scale, the incident wave is scattered in a various directionavhen the inhomogeneity length scale is much smaller than
The total field that is scattered in certain direction is the sunthe wavelength, but can be of the order or even larger than
of the elementary waves scattered in that direction by eacthe skin depth. In other words the coupling of a metal grain
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with an electromagnetidfield is supposed to be strong in

spite of their subwavelength size. In particular, we focus on X -
the high-frequency respongeptical, infrared, and micro- Z | Y /,’ paig i
wave of thin metal-dielectric random films.

The optical properties of metal-dielectric films show
anomalous phenomena that are absent for bulk metal an
dielectric components. For example, the anomalous absorp
tion in the near-infrared spectral range leads to unusual be
havior of transmittance and reflectance. Typically, the trans-
mittance is much higher than that of continuous metal films,
whereas the reflectance is much loweee, e.g., Refs. - P 4
3,4,10,11,16-18 Near and well-below the percolation e T L7
threshold, the anomalous absorbance can be as high & z=0
50%212~16:20A number of theories were proposed for calcu- _ _
lation of the optical properties of semicontinuous random F!G- 1. The scheme used in a theoretical model. Electromag-
films, including the effective-medium approaciigé! their ~ Netic wave of wavelength is incident on a thin metal-insulator
various modification§;16’17'32‘36 and the renormalization- film Wlth thl_cknessd. _It is partially reflect_ed and absort_)ed, and the
group methodsee, e.g. Refs. 4,37,88n most of these theo- remal_nder is transrr_nttgd through the film. The amplitudes of the
ries the semicontinuous metal-dielectric film is considered aelec_trIC and magnetic fieldgveraged over the plare= —d/2-lo

. . . . 0 Behind the film are equal to each other.
a fully two-dimensional system and a quasistatic approxima-
tion is invoked. However, usage of this approximation im- ) o S o
plies that both the electric and magnetic fields in the film ar&lectrlc and magnetic-field distributions inside the conduc-

assumed to be two dimensional and curl free. That assumjjlvé and dielectric regions of the film. The boundary condi-
tion ceases to be valid when the fields are changed considl®ns completely determine solutions of Maxwell's equations
erably within the film and in its close neighborhood, which isfor the fields inside a grain when the frequency is fixed.
usually the case for a semicontinuous metal thin film, espel herefore the internal fields, which change very rapidly with
cially in the regime of strong skin effect. position in the direction perpendicular to the film, depend
In the attempt to expand a theoretical treatment beyondn€arly on the electric and magnetic field away from the
the quasistatic approximation, a new approach has recentwm- The currents msuje the film are linear functions _of f[he
been proposed that is based on the full set of Maxwelrdocal internal fields given by the usual local constitutive
equations®2 This approach does not use the quasistaticequations- Therefore the currents flowingidethe film also
approximation because the fields are not assumed to be cif#fPend linearly on the electric and magnetic fietdgside
free inside the physical film. Although the theory was pro_the film. However, the electric current averaged over the film
posed with metal-insulator thin films in mind, it is, in fact thickness now depends not only on the external electric field,
quite general and can be applied to any kind of inhomogebUt also on the external magnetic field. The same is true for
neous film under appropriate conditions. For the reason thdf!€ @verage magnetic induction current. Thus we have two

will be explained below, that theory is referred to as thelinear equations that connect the two types of the average
“generalized Ohm’s law.” We use this new theory to find internal currents to the external fields. These equations can

optical properties and distribution of the local fields in aP€ considered as a generalization of the Ohm's law to the
semicontinuous metal film and in a metal film with regular NONquasistatic case and referred to as generalized Ohm’s law
array of holes in it. (GOL). ” The GOL forms the basis of a new approach to
Below we restrict ourselves to the case where all the exg_alculatmg the electromagnetic properties of inhomogeneous
ternal fields are parallel to the plane of the film. This meanéc”msj ) . ) . ) )
that an incident wave, as well as the reflected and transmitted !t IS instructive to consider first the electric and magnetic
waves, are traveling in the direction perpendicular to the filmfi€lds on both sides of the filrif:2° Namely, the electric and
plane. We focus our consideration on the electric and'.nagnetlc fields are considered at the distaicbehind the
magnetic-field magnitudes at certain distan@esyfrom the  film E1(r) =E(r, —d/2—1), Hy(r) =H(r,—d/2—1,), and at
film and relate them to the currenitsside the film. We as- the distancel, in front of the film Ex(r)=E(r,d/2+1o),
sume that inhomogeneities on a film are much smaller in siz&l2(r) =H(r,d/2+1,) as shown in Fig. 1. All the fields and
than the wavelength (but not necessarily smaller than the currents considered in this paper are monochromatic fields
skin depthd), so that the fields away from the film are curl With the usual exptiot) time dependance. The vector
free and can be expressed as gradients of potential fields. Te{X,Y} in the above equations is a two-dimensional vector
electric and magnetic induction currents averaged over th# the film plane perpendicular to thez” axis whered is the
film thickness obey the usual two-dimensional continuitythickness of the film. In the case of laterally inhomogeneous
equations. Therefore the equations for the fieldsg., films electric current
VXE=0) and the equations for the currenis.g., VXj
=0) are thesameas in the quasistatic case. The only differ- di2+1,
jE:J

i o e i B i ! i

ence, though important, is that the fields and the averaged
currents are now related by new constitutive equations and
that there are magnetic currents as well as electric currents.

To determine these constitutive equations, we find theand current of the magnetic induction

j(r,z)dz
—di2—1,
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_ _ di2+1g relating the electric fields in front of and behind the film. The
jn=(lw/4m) e B(r,z)dz electric currenfg and current of the magnetic inductigp
0 obey GOL (see Refs. 19,20 namely,
are functions of the vectar. The metal islands in semicon- . .
tinuous films typically have an oblate shape so that the grain Je(N=UuMEr), Ju(r)=w(r)H(r), ©®
diameterD can be much larger than the film thicknestsee  where E=(E;+E,)/2, H=(H;+H,)/2 and Ohmic param-

e.g., Refs. 11 When the thickness of a conducting gr@in etersu andw are expressed in terms of the local refractive
(or skin depthé) and distance, are much smaller than the indexn=/(r) as

grain diameteD, the relation of the field&,; andH; (or E,
andH,) to the currents becomes fully local. The eleciric . ¢ tan(Dk/4)+ntandkn/2)

and magneticj,; currents lie in between the planes U= o T-ntanDK/4) tan(dkn2)’ (@
=—d/2—1, and z=d/2+1,. These currents satisfy to the
two-dimensional continuity equations ¢ ntanDk/4)+tandkn/2)

[ ()

W=I|_— ,
V-jg(r)=0, V-ju(r)=0, (1) 27 n—tanDk/4) tan(dkn/2)

where the refractive inder takes values\,,= Ve, andnq

= /g4 for metal and dielectric regions of the film; the dis-
tance to the reference plane is setlgs D/4.23° The es-
apence of the GOL can be §ummarized as follows: The ent_ire
in accordance with the fact that the average fiels), 'phyS|cs'of a three-dimensional mhom’ogeneogs layer, which
(Hy), (E,), and(H,) are parallel to the film plane. More- is described by the full set of ngwell s equations, has been
over, it is supposed in the GOL approximation that”* reduced to a set of two-dimensional E¢®) and (6).

components of the local fields vanish on average, so that the in the .qua.3|stat|c limit, when t.he optical th|qknes§ of
metal grains is smaltik|n.,|<1, while the metal-dielectric

which follow from the three-dimensional continuity equa-
tions when thez components ot,;,H; andE,,H, are ne-
glected at the planes= —(d/2+1,) andz=d/2+ |, respec-
tively. This is possible because these components are sm

integrals constant is large in magnitudgs,|>1, the following esti-
di2+1, mates hold for the Ohmic parameters of the metal grains
j E,dz=0
—di2—1o  wEn e
and Up=—I Ed, W=I E(d+ D/2), (d/é<1l).
©)
Jd’z“o H.dz=0 In the opposite case of a strong skin effect, when the skin
—di-1y depth(penetration depphé= 1/k Im n,, is much smaller than

the grain thicknessl and the electromagnetic field does not

are equal to zero. Then, the second Maxwell's equatiorpenetrate into metal grains, the parametefsand w,, take
curlH=(4m/c)jg can be written as values

fﬁ H-dl=(4m/c)(n-jg) A ) 2 i s 10
=(am 1°JE)A, Um—lm, Wm—lg, ( ). (10
where the integration is over the rectangular contour, which~or the dielectric region, when the film is thin enough so that

has sidesl+ 2|, andA so that the sided+ 2l are perpen- dkng<<1 andey~1, Egs.(7) and(8) give

dicular to the film and the sided are in the planeg )

==+ (d/2+1,); the vectom, is perpendicular to the contour, w8y LW

i.e., parallel to the film. WherA —0 this equation takes the Ug=—15g D, Wg=I E((HD/Z)’ (1D

8
following form . . .
where the reduced dielectric constafjt= 1+ 2¢4d/D is in-

T troduced. Note that in the limit of the strong skin effect the
Hy—Hi=———[nxjel, (3 Ohmic parameters,, andw,, are purely imaginary and the
parameteu,, is of the inductive character, i.e., it has the sign
where the vecton is perpendicular to the film. The first opposite to the dielectric parametey. In contrast, the
Maxwell equation cuE=ikH can be rewritten as Ohmic parameterw remains essentially the same
~iD w/87 for the dielectric and metal regions, regardless of
, the magnitude of the skin effect.
% E-di=(4m/c)(ny-jn)A, (4) The rest of this paper is organized as follows: In Sec. II
we briefly outline the basic optical properties: reflectance,
where the integration contour is the same as in(Bgandjy transmittance, and absorbance, found in the GOL approxima-
is the current of the magnetic induction, defined earlier intion: we also present here the self-consistent approach de-

Eq. (1). Thus we obtain the equation noted as the dynamic effective-medium theory. Our numeri-
cal method and results of calculations for the local electric
_ 4 . and magnetic field are described in Sec. Ill. In Sec. IV a
Ex—E;=——[nXjy] 5 : : - -
c theory is developed for the giant local field fluctuations and
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the spatial high-order moments of the local fields. In Sec. V  Let us suppose that the wave enters the film from the right
we consider the optical properties of a metal film which ishalf-space(see Fig. 1, so that its amplitude is proportional
perforated with an array of small subwavelength holes; weo e 2. The incident wave is partially reflected and partially
show that the transmittance through such a film can béransmitted through the film. The electric-field amplitude in
strongly enhanced in accord with recent experimental obsethe right half-space, away from the film, can be written as
vations. Section VI summarizes and concludes the paper. E,(z)=¢ e *?+relk?], wherer is the reflection coefficient

and e is the polarization vector. Well behind the film, the
Il. OPTICAL PROPERTIES OF SEMICONTINUOUS electric component of the electromagnetic wave acquires the
FILMS form E,(z) =ete '*?, wheret is the transmission coefficient.
Since we consider semicontinuous films with an inhomo-t IS Supposed for simplicity that the film has no optical ac-
geneity scale much smaller than the wavelengtthe fields tivity, so that the wave polarizatiomremains the same after

E,(r) andH,(r) behind the film are simply the gradients of Passing through the film. At the plangs=d/2+1, and z

potential fields, when considered as functionsxaindy in = —d/2—1o the average electric field equdls,) and(E,),
the fixed reference plare= —d/2—1,. Similarly, the poten- respectively. The electric field in the wave is matched with

tials for the fieldsE,(r) andH,(r) in front of the film can be  the average fields in the planes-d/2+1, and z=—d/2
introduced. Therefore the field&(r) and H(r) in Eq. 6)  —lo, i.e., (Ex)=Ex(d/2+15)=¢[e k(@210) 4 reik(d/2+o)]
can, in turn, be represented as gradients of some potentialand(E,)=E,(—d/2—1,) =ete(?2*10) The same matching
with the magnetic fields giveéH,)=[nxe][ —e ™ (@2+lo)

E=-V', H=-Vy' (12 +rek@2+10)] and (H,) = —[nx e]te'* (@210 in the planes
By substituting these expressions in E(®.and then in the z=d/2+l, and z=—d/2—1, respectively. Substitution of
continuity Eq.(1), we obtain the following equations these expressions for the field8;), (E,), (H1), and(H,)
in Egs.(19) and(20) gives the two lineafscalaj equations
V-[u(nVe'(r)]=0, (13)  for the reflectiorr and transmissiohcoefficients. By solving
these equations we obtain the reflectance,
V- [w(r)Vy'(r)]=0, (14 ,
. . +
that can be solved independently for the potentiglsand R=|r|?= (2m/C) (et We) ‘ . (2D
/. These equations are solved under the following condi- (14 (27/c)ue) (1= (2m/c)we)
tions transmittance
(Vo) =(E1)=Eo, (V¢1)=(Hy)=Ho, (19 ) 1+ ((27/¢))2ugwWe |2
T=|t]2= (22)

where the constant fields, andH, are the externalgiven) (1+(2m/c)ue) (1~ (2m/C)We)|
fields that are determined by the incident wave. When th%nd absorbance

fields E, H and current§g, jy are found by solving Egs.

(13), (14), and(15), the local electric and magnetic fields in A=1-T—-R (23

the planez= —1,—d/2 are given b
P 0 av y of the film. Thus, the effective Ohmic parametegsandw,

2 2 completely determine the optical properties of an inhomoge-
Ei=E+ - [nXjul, Hi=H+-—[nXjel, (16  neous films.

We see that the problem of the field distribution and op-
as follows from Eqgs(3) and (5) and the definitions of the tical response of the metal-dielectric films reduces to solving
fieldsE andH. Note that the fieldE,(r) can be measured in the decoupled quasistatic conductivity problef&s)s. (13)
near-field experimentgsee, e.g., Ref. 29 The effective and(14)], for which a number of theoretical approaches are
Ohmic parameters, andw, are defined in a usual way available. Thus efficient analytical and numerical methods

(see Sec. Il developed in the frame of the percolation

(Ie) = UeEo=Ue((E1) +(E2))/2, (17 theory can be used to find the effective paramatgmndw,
) of the film.
(In)=weHo=we((Hy1)+(H2))/2. (18 We consider now the case of the strong skin effect in
When these expressions are substituted in E)sand (5,  Metal grains and trace the evolution of the optical properties
which are averaged over the film plat@ordinatesx,y}), of a semicontinuous metal film with the increase of the metal
we obtain the equations surface densityp. Whenp=0 the film is purely dielectric

and the effective parametetg and w, coincide with the
2 dielectric Ohmic parameters given by Edl). By substitut-
[nX((H2) = (H))]= ——U(ED+(E2)), (19  ing us=uq and we=wy in Egs. (21), (22), and (23), and
assuming that the dielectric film has no losses and is opti-
2 cally thin (dkey<<1), we obtain that the reflectance
[nX((Ex)—(E))]= - We((H1) +(Hz)), (200 =d?*(eq—1)’k?/4, transmittance T=1—d*(eq—1)°k?/4,
and the absorbancg=0 in accord with the well-known re-
that connect the average fields in front of the film and behindults for a thin dielectric filn?>4°
it, i.e., we obtain the equations that determine the optical It is not surprising that the film without losses has zero
response of an inhomogeneous film. absorbance. When the ratio of the penetration lerigkin
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depth 6= 1/kimn,, is negligible in comparison with the film @ semiquantitative description of the transport properties of
thicknessd and|n,,|> 1 the losses are also absent in the limit percolation compositesThe effective-medium theory being
of full coverage, when the metal concentratipr 1. In this ~ applied to Eqs(13) and(17) and(14) and(18) results in the
case the film is a perfect metal mirror. Indeed substituting théollowing equations for the effective parameters

Ohmic parametersi,=u,, and w,=w,, from Eq. (10) in

2 _
Egs. (21), (22), and (23), we obtain for the reflectanck Ug—ApUg(Uy—Ug) —Ugun=0, (29
=1, while the transmittancd and absorbancé are both 5
equal to zero. Note that the optical properties of the film do We = APWe(Wpy—Wq) — WgWp,=0, (30

not depend on the particle sigefor the metal concentration where the “reduced” concentratiop=(p— pg)/pe, (p
— — . . . . . _ - ~— Mc Cco c
p=0 andp=1 since properties of the dielectric and continu —1/2) is introduced. It follows from Eq(30) that for the

S:J;m?etal films do not depend on the shape of the metagase of strong skin effect, when the Ohmic parameieys

We consider now the film at the percolation threshpld <c and wy<c [see Egs(10—(11)], the gffectwe Ohmic

— b, with p,=1/2 for a self-dual systerh* A semicontinu- parameteifwe|<c,_for all _m_etal concentrationg. Therefore
ous metal film may be thought of as a mirror, which is bro_';hethpara_metlgfyve tl's ni?“ggf In Egs.(21) and (222)' For

ken into small pieces with typical siZ2¢ much smaller than urther simpiitication the hmic parametey can be ne-
; glected in comparison with, in the second term of Eq@29)

the wavelengthh. At the percolation threshold the exac : . : .
_ N oo M [cf. Egs.(10) and(11)]. Then, by introducing the dimension-
Dykhne formulasue = ugum andwe= \Wqwp hold. Thus Jess Ohmic parameter, = (2m/c)u,, we rewrite Eq(29) as

following equations for the effective Ohmic parameters ar
obtained from Eqgs(11) and(10)

12 H )\Ap ’ ’
u,“—2i——u,—¢;=0. (3D
27 (o) o 2 (00 Dk 1+2d 24 7D
—Ue(Pe)=VEL —We(Pe)=i— —. _ _
c c 7Y 4 D Right at the percolation threshofg=p.=1/2, when the re-
From this equation it follows tha,/u.~Dk<1 so that duced concentratlompzo, Eq. (31) gives the effective
the effective Ohmic parameter, can be neglected in com- Ohmic parametene(pc) = Ve that coincides with the exact
parison withu, . By substituting the effective Ohmic param- Ed- (24) and results in reflectance, transmittance, and absor-
eterug(pe) given by Eq.(24) in Egs.(21), (22), and(23), the ~ Pance given by Eqs29), (26), and(27), respectively. For
optical properties at the percolation can be obtained as ~ concentrations different from,, Eq. (31) gives

&4 i MP L T(apiaD)Ere] 32
R(P)=—"—5. (25) Ue=1—5 + V= (AAp/7D)"+ &g, (32
(1+e})?
that becomes purely imaginary fakp|> 7D \/gj/\. For the
1 imaginary effective Ohmic parameter,, Egs. (25), (26),
T(pc):m’ (26) and (27) result in the zero absorbanc&=1-R-T=1
€d —|ull?/(1+|ull?)— 1/(1+]|ull?) =0 (recall that the effec-
\/—, tive Ohmic parametew, is neglected In the vicinity of a
_ d percolation threshold, namely, for
A(pe) (15 Jer? (27
7D
where g)=1+2g4d/D. When metal grains are oblate IApI<TE (33
enough so thatyd/D<1 andey—1 the above expressions
simplify to the universal result the effective Ohmic parameter, has a nonvanishing real
part and, therefore, the absorbance
R=T=1/4, A=1/2 (29
first obtained in Ref. 18. Thus, there is the effective absorp- A= 2\/_()‘Ap/7TD)2+8é (34)
tion in semicontinuous metal films, even in the case when 1+el+ ZJ_(AAD/WD)ZJFSQ

neither dielectric nor metal grains absorb the light energy,
i.e., the mirror broken into small pieces effectively absorbss nonzero and has a well-defined maximum at the percola-
energy from the electromagnetic field. The effective absorption threshold; the width of the maximum is inversely pro-
tion in a loss-free film means that the electromagnetic energportional to the wavelength. The effective absorption in al-
is stored in the system and that the amplitudes of the locahost loss-free semicontinuous metal film means that the
electromagnetic field can increase, in principle, up to infinity.local electromagnetic fields strongly fluctuate in the system
In any real semicontinuous metal film the local field is finite,as was speculated above. The concentration width for the
of course, because of nonzero losses; still, the field fluctuastrong fluctuations should be the same as the width of the
tions over the film can be very large provided that losses arabsorption maximum, i.e., it is given by E3).
small, as discussed below. Note that the effective parametenis andw, can be de-

To find the optical properties of semicontinuous films fortermined experimentally by measuring the amplitude and
arbitrary metal concentration, the effective medium theory phase of the transmitted and reflected waves or by measuring
can be implemented that was originally developed to provid¢he film reflectance as a function of the fielg andH;. In
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the latter case, a metal screen placed behind the film can teecording to Eqs(9), (10), and(11). A film can be thought

used to control the values of these fiefd43 of as a collection ofC elements in ‘W” space. Therefore,
there are no resonances in the solution to #¢). The fluc-
Il. COMPUTER SIMULATIONS OF LOCAL ELECTRIC tuations of the potential/’ can be neglected in comparison
AND MAGNETIC FIELDS with the ¢’ fluctuations. For this reason we concentrate our
) ) ) ) attention on the properties of the “electric” fiel&(r)
To find the local electrics(r) and magnetidd(r) fields, _ —V¢'(r)=—V¢(r)+E, when considering the fluctua-

Egs.(13) and(14) should be solved. Consider the first equa-tions of the local fields. The fielE(r) can be found by
tion (13), which is convenient to rewrite in terms of the solving Eq.(36).

renormalized dielectric constant Equation(36) has the same form as usual quasistatic con-

tinuity equation,V(eV ¢)=0. Therefore Eq(36) being dis-

~ _4mu(r) . . ) .

=i (35) cretized on, say, square lattice acquires the form of Kirch-

wd hoff's equations. We employ here the efficient real-space

as follows renormalization method suggested in Ref. 44 to solve the
discretized Eq(36). In our previous work&d#4~>°the same

V.[’g(r)v¢(r)]:5, (36) method was used to find local electric fields for the quasi-

. . o static case. Solution of E¢36) gives the potential in the
where ¢(r) is the fluctuating part of the potentig’(r) SO g the |ocal field E(r) and the electric currerjie(r) in
thatV e’ (r)=Vé(r) —Eo, (¢(r))=0,andf=V-[e(r)Eo].  terms of the average fiel,. The effective Ohmic parameter
We recall that the “external” fieldE, is defined by Eq(15).  y, is determined by Eq(17) that can be written agjg)
For the metal-dielectric films considered here local dielectric_ UE, The effective dielectric constant, equals

constante(r) equals tosy,=4miuy/wd andeq=e4D/2d,  4siu,/wd. In the same manner the fiekt(r), the magnetic
for the metal and dielectric regions, respectively. The extercurrentj,(r), and the effective parameter, can be found
nal field E, in Eq. (36) can be chosen real, while the local from Eq. (14) and its lattice discretization. Note that the
potentialé(r) takes complex values since the dielectric con-samdattice should be used to determined the fieids) and
stante,, is complexe,=¢+ien. H(r).>® The directions of the external fieldg, andH, may

In the quasistatic limit, when the skin depthis much  be chosen arbitrary when the effective parametigrandw,
larger than the film thicknesd, the dielectric constang,,  aré calculated since the effective parameters do not depend

coincides with the metal-dielectric constasy, as follows ©n the direction of the field, for an isotropic, on average,
from Eg. (9). In the optical and infrared spectral ranges, afilm. )

simple model of the Drude metal can be used to reproduce Although the effective parameters do not depend on the
semiquantitatively the basic optical properties of a metal. Irfexternal field, the local electri€,(r) and magnetic and
this approach, the dielectric constant of metal grains can bB1(r) fields do depend on the incident wave. The local fields

approximated by the Drude formula E.(r) and H(r) are defined in the reference plare
=—d/2—1, (see Fig. 1 For calculations below, the electric
sm(w)=8b—(wp/w)2/[1+iwT/w], (37 and magnetic fields of the electromagnetic wave are chosen

in the form(E;)={1,0,0} and{H,)={0,— 1,0} in the plane
z=—1y—d/2. This choice corresponds to the wave vector of
a’{lwe incident wave ak=(0,0,—k), i.e., there is only a trans-
mitted wave behind the filnisee Fig. L It follows from the
averaging of Eq.16) (which can be written agE;)=E,
+(2m/c)w[nXHy] and (Hi)=Hg+(27/c)unxEq])

that the fieldsE, andH, are given by

whereegy, is contribution toe,, due to the interband transi-
tions, w,, is the plasma frequency, and,=1/7<w, is the
relaxation rate. In the high-frequency range, losses in met
grains are relatively smallp . <w. Therefore, the real part
e, of the metal-dielectric functiors,, is much larger(in
modulug than the imaginary part, (| |/em=ol/w,>1),
ande/, is negative for the frequencies less than the renor-

malized plasma frequency, (E))—(2alc)wenX (Hy)]

~ 0~

wp=wp/ sy, (38) 1+ (2m/c)?uewe
Ihust the _ metaL ~2conductlwt.y crm=—|w_sm/4w (Hy)— (2m/c)ufnx (Ep)]
=(epwpdmo)[i(1- 0 wy)+ o, /w] is characterized by Ho= . (39

~ 2
positive imaginary part fow,> 0> w,, i.e., it is of the in- 1+ (2m/c) uewe

ductive character. This allows us to model the metal grainghese fieldsE, andH, are used to calculate the local fields

as inductances for the frequencieso,>w> w, while the  E(r) andH(r). The local electrid,(r) and magnetidi,(r)

dielectric gaps can be represented by capacita@cés the  fields are restored then from the fiel@r) and H(r) by

opposite case of the strong skin effect, the Ohmic parametarsing Eqs.(16).

U, is inductive according to Eq10), for all spectral ranges The local electric and magnetic fields are calculated for

regardless of the metal properties. Then, the percolatiosilver-on-glass semicontinuous films, as functions of the sur-

metal-dielectric film represents a set of randomly distributedace concentratiop of silver grains. The dielectric constant

L andC elements forall spectral ranges. for glass is given byeq=2.2. The dielectric function for
Note that the Ohmic parametertakes the same sign and silver is chosen in the Drude for(87); the following param-

is close in magnitude for both metal and dielectric grainseters are used in Eq37): the interband-transition contribu-
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b
® FIG. 3. Distribution of the local-field intensities in a semicon-
FIG. 2. Distribution of local em field intensities in a semicon- tinuous silver film at strong skin effea/§=2.2 \=1 um; p
tinuous silver film at small skin effedt/ 5=0.2, wheres is the skin =~ =p,).
depth andd is the thickness of the filnA=1 um; p=p,).
interaction of the magnetic field with the electric field
tion e,=5, the plasma frequenay,=9.1 eV, and the relax- through the skin effect is relatively small. For comparison,
ation frequencyw,=0.021 eV*® The metal grains are Fig. 3 shows the fields in the case of a significant skin effect,
supposed to be oblate in shape. The ratio of the grain thickwhen the film thicknessl=50 nm and the dimensionless
nessd (film thickness to the grain diameteD has been thickness exceeds ond,=2.2. It is interesting to note that
chosen a®/d=3, the same as the one used in Ref. 18. Tathe amplitude of the electric field is roughly the same as in
consider the skin effect of different strengtie., different  Fig. 2(a), despite the fact that the parameteris increased
interaction between the electric and magnetic fields, occurby one order of magnitude. In contrast, the local magnetic
ring through the skin effegt we vary the sized of silver  field in Fig. 3b) is strongly increased in this case so that the
particles in a wide rangel=1--100 nm. The size of metal amplitude of magnetic field in peaks is of the same order of
grains in semicontinuous metal films is usually of the ordemmagnitude as the electric field maxima. This behavior can be
of few nanometers but it can be increased significantly byunderstood by considering the spatial moments of the local
using a proper method of preparatidnin the microwave magnetic field as shown in the next section.
experiments of Ref. 20, for example, the films were litho- Being given the local fields, the effective parametegs
graphically prepared, so that the size of a metal particleandw, can be found and thus the effective optical properties
could vary in a large range. of the film. In Figs. 4 and 5 we show the reflectance, trans-
The space distribution of the electric and magnetic fieldamittance, and absorbance as functions of silver concentration

is calculated for two sets of parameters as illustrated in Figs, for wavelengthsh =1 um and\=10 um, respectively.
2 and 3. In Figs. 2 and 3 we show the electric and magneticthe absorbance in these figures has an anomalous maximum
field distributions forh =1 um and two different thicknesses in the vicinity of the percolation threshold that corresponds
d of the film, d=5 nm andd=50 nm. The first thickness to the behavior predicted by E¢34). This maximum was
(Fig. 2 corresponds to a weak skin effect since the dimendetected first in the experimerits.2® The maximum in the
sionless thickness is smallA=d/5§=0.2 [where §  absorption corresponds to strong fluctuations of the local
=1/(kImn,,) is the skin depth In this case we observe the fields. We estimated in Eq33) the concentration rang&p
giant field fluctuations of the local electric field; the magneticaroundp., where the giant local-field fluctuations occur, as
field, although it strongly fluctuates over the film, is much Apx1/\. Indeed, the absorbance shrinks at the transition
smaller in magnitude compared with the electric field. This isfrom Fig. 4 to Fig. 5, when wavelength increases by a
because the film itself is not magnetjcy= u,= 1, and the factor of 10.
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FIG. 4. Calculated absorptanée reflectanceR, and transmit- .
tanceT for a silver-glass film as functions of metal concentration FIG. 5. Calculated absorptande reflectanceR, and transmit-
and film thicknessl at A=1 um. tanceT for a silver-glass film as functions of metal concentration p

and film thicknesgl at \=10 um.

In Fig. 6(a) and 8b) we compare results of numerical
simulations for the optical properties of silver semicontinu-namic” effective-medium theory are in accord with our nu-
ous films with the calculations based on our generalizednerical simulations, for arbitrary-strength skin effect. We
effective-medium approacfEgs. (29) and (30)], with the  can see that the theory reproduces well the maximum of
new Ohm’s parameters and v. Results of such a “dy- absorptance in the vicinity of the percolation threshold.
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FIG. 6. Results of numerical
simulations(dashed ling and the
dynamic effective-medium theory
(solid line) for absorptancé, re-
flectanceR, and transmittanceé of
silver-on-glass  semicontinuous
film as function of the metal con-
centration p at the following
wavelengthh and film thickness
d: (1) A=1.0 um andd=50 nm;
(b) A=10.0 um andd=5 nm.

IV. SPATIAL MOMENTS OF THE LOCAL ELECTRIC we use the estimate for the moments of the local-electric
AND MAGNETIC FIELDS field obtained in Refs. 52 and 53

Below we find the spatial high-order moments for the |~ 32 n—1
£m )

local electric E; distribution in the reference plane=
—d/2—1, (see Fig. 1back of the film. The electric fiel&; n
is expressed in terms of fiel#sandH by means of Eq(16).

The fluctuations of the local magnetic curreff(r)  where the metal permittivity is replaced by the renormalized

=w(r)H(r) can be neglected in the first equation in EQ. gielectric constang, given by Eq.(35). The Drude formula
(1@’ as discussed below E¢37). Therefore, the moment gq (37) s substituted in Eq(7) to obtain the Ohmic param-
Mn:<|E1(r)n|“>/|<E1n)|“ equals approximately the moment etery  in the limit wp> 0> w,. Then the Ohmic parameter
M”:<|E(r)|.>/|<E>| for the field E(r)E. . . U, is substituted in Eq(35) to obtaine,,. Finally, the mo-
We consider now the momentd, in the optical and | o +\ME is obtained from Eq(40) as

infrared spectral ranges for arbitrarily strong skin effect. We n
assume ,, is almost negative and large in the absolute value.
Since Eq.(36) has the same form as the quasistatic equation MENP{% fo(X)
V(eV$)=0 (investigated in detail in our previous wopks ®

, (40)

n-1
: (41)

T
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_ 4tanR(x)[1+D/(46) tanh(x)]
 x{tanh(x)+x[1—tanf() 12

(42

0

Wherex=d/25:dwp/2c is the ratio of the film thicknesd
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Now we perform the Dykhne transformation

j*=[nXE], E*=[nXjg]. (46)

It is easy to verify that thus introduced fiekt is still po-

and the skin deptld~c/w, . It follows from these equations tential, i.e.,VXE* =0, and the current* is conserved, i.e.,
that the moments of the local-electric field are independenV-j* =0. The currenf* is coupled to the field=* by the
of the frequency in the wide frequency baag>w>w,.,  Ohm’'s formulaj*=u*E*, where the “conductivity” u*
which typically includes the optical and infrared spectraltakes values 1, and 1l,4. Therefore, the following equa-

ranges. When the skin effect increases, the fundtion Eq.
(41) also increases monotonically frofg(0)=1 to fy()
=D/(2d). Provided that the shape of metal grains is fixed
and they are very oblate, i.eQ/d>1, the momentsvl,f
increase significantly with increasing the parameter

tion (|j*|") = a(1lum,1lug){|E*|") holds, from which it fol-
lows thata(1/u,,,1/uy) @(uy,,uq) = 1. Since we suppose that
at the percolation thresholo.=1/2 and the statistical prop-
erties of the system do not change when inter-replacing
metal and dielectric, the arguments in the first function can

Let us consider now the far-infrared, microwave, and ra-be changed to obtain(1/uy,1Mu,,) @(uy,,uq)=1. This equa-
dio frequency ranges, where the metal conductivity ac- tion, in turn, can be rewritten using Eq(45 as
quires its static value, i.e., it is positive and does not depenﬂjm/ud|”ai(um/ud)=1, where the functiony, is defined in
on frequency. Then it follows from Eqél0), (11), and(35)  Eq. (45). Thus we find thaiv; (U /ug) =|ug/um|™? and the
that Eq.(40) for the field moments acquires the following final result is given byr(up,,ug) =|umug™?, i.e., the follow-

(47)

form ing generalization of the Dykhne’s formula is valid
e-| el = uqunl " EI").

" Now this expression fof|jg|") can be substituted in E¢44)

in the limit of strong skin effect. Since metal conductivity is 0 obtain that

typically much larger than frequenay in the microwave
and radio bands, the moments remain large at these frequen-

In the optical and infrared spectral ranges it is possible to
simplify this equation as done for E¢44) above. Using

cies.
We proceed now with fluctuations for the local magnetic

again the Drude formulg37) and assuming thab ,<w

<wy, the following estimate is obtained

2mom

(43

)(nl)lz

w

n/2

2
MH= - ME.

(48)

2
) |udum|

field H{(r) in the reference plane= —d/2—1,. The fluctua-
tions of the fieldH(r)=[H(r) +H,(r)]/2 defined in Eq(6)
can be neglected. Then as follows from the second(Eg),
the momentsM = (|H,(r)|")/|(H(r))|" of the local mag-

netic field can be estimated as ni2

X tanhx £
My,

H —_—
€d(2d/D)+ x tanhx

M, = (49

My =(2m/e)"(|ie(n)|")/KEDI", (44)
where the momenME, is given by Eq.(44) and x=d/25

where we used the conditiohE; )| =|(H,)| that correspond ~duw,/2c has the same meaning as in E44). As follows

to the wave incident onto the film from the rigtsiee Fig. L from Eq. (49), the spatial moments of the local magnetic

Thus the external electric field induces the electric current?Ield Mﬁ are of the same order of magnitude as the moments

in a semicontinuous metal film and these currents, in turn, o E. o ,
generate the strongly fluctuating local magnetic field. pf the Ihocalilfctrlc fielaVl ; in the limit of strong skin effect,
i.e., whenx>1.

To estimate the momentg(r)|") of the electric current . _
We can estimate now the moments of the local electric

density in semicontinuous metal films we generalize, to in- -t :
clude the nonlinear case, the approach suggested earlier Bj)d magnetic fields from Eqg4l) and (49) for silver-on-

Dykhné'! (see discussion in Ref. 5&Since in the considered 9/ass semicontinuous  films, withw,=9.1 eV and o,
case the electric currejy is related to the local fiel@ via ~ =9:021 eV. The moments of the local electric field are as
the first equation in Eqg6), the following equatior(|jg|™ M~ (4X 102).n , SO that 'Fhe field quctuatlon.s are huge, in
= a(Up,Ug){|E(r)|") is valid [where the coefficient agreemgnt with the numerlcal results shown in Figs. 2 and 3.
a(un,uy) is a function of variablesi,, andug]. For sufficiently strong skin effectx(>1), the moments of
We consider now the percolation threshglet p, and set  local magnetic fieldvi;/~My, which is also in accord with
p. asp.=1/2. It is also supposed that the statistical proper-our simulations.
ties of the system do not change when interreplacing metal As mentioned, at frequencies much smaller than the re-
and dielectric. If all the conductivities are increased by thelaxation ratew,=3.2x 10"sec *, the silver conductivity ac-
factor k then the average nonlinear curréffiiz|") also in-  quires its static value;/4mw,~10"sec *. In this case, the
creases, by the factotk|"; therefore, the coefficient moments are given by Eq43). Thus for wavelength\
a(up,Ug) also increases, by thgk|". Then the coefficient =3 cm (w/27=v=10 GH2 the moments are dd;~MF
a(uy,,uy) has an important scaling property, namely, ~(10%)" 1. We can conclude that the local electric and mag-
a(kuy,kug) =|K|"a(un,ug). By takingk=1/u,, the follow-  netic field strongly fluctuate in a very large frequency range
ing equation is obtained from the optical down to the microwave and radio spectral
ranges. The fluctuations become even stronger for the micro-
wave and radio bands. This is because for the strong skin

a(Up,Uq) = |Up|"a1(Un/ug). (45)
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effect (when the penetration depth is much smaller than thevherek= w/c is the wave vectord is the thickness of the
size of a metal grain losses are small in comparison with film, and D is the hole diameter. Then, in the considered
the electromagnetic field energy accumulated around thBmit p,<1, we find the transmittance of the hole array from
film. This opens a fascinating possibility to observe theEq. (22) in the following form

Anderson localization of surface plasmons, predicted in

Refs. 52 and 53, in microwave experiments with localization 10243ﬁ

length in the centimeter scale. T= 5 5 > (53
[D(2d+ D)k?— 16]%+ 102407
V. ENHANCED LIGHT TRANSMISSION THROUGH That is the transmittance has a resonance at the wavelength
METAL FILMS WITH ARRAYS OF SMALL HOLES N,=+vD(2d+D), where T(A,)=1 and the film becomes

Light t ission th h at than th transparent regardless of the surface concentration of the
| Itg h rlan_sm|ssmr:_ Irlout%' ka 'ntﬂ??_? _ank € Wtavg- holes. When the hole surface concentraggrdecreases, the
ength hole in f?g optically thick metal fiim 1S Known 10 b€ iy of the resonance shrinks, but exactly at the resonance,
small T~ (d/X\)*.”>” However, provided that there is an array ﬁhe film remains transparent, even faf—0

al ' X

of such subwav_el_ength holes_in the metal_film and s_pe(_:i The nature of the described resonance, which can be de-
resonance conditions are fulfilled, the optical transmission, .4 a<“skin resonance’ is purely geométrical ie the

ctan be .enha_r:cedf'lby Sfet\;?ril o;gjrzso(())f mag.?r:tude. For kin resonance does not depend on the metal-dielectric func-
Sfaﬂcf’ n aflsdl_ver Im|DO— 15"% ne q NM WIth an aray o ¢ . Therefore, this resonance is different from the well-
of holes of diameteD = hm and lattice constarzt known plasmon resonance of a hole in the metal film. In

=600 nm, large transmission peaks have been observed g i iar, the skin resonance should be also observable in

wavelengths. ~300, 400, 500, 700, and 950 nm. The maxi- o microwave range. It is also important to emphasize that

mum transmission can exceed one, when it is normalized i gkin resonance does not actually depend on the hole pe-
the projected area of the holes. This corresponds to the erf'rodicity.

hancement of nearly three orders of magnitude, when com-; \\0.id be interesting to check out experimentally the

pgreld :]OIW;O%%ZOUE Coﬂld ek>_<p%ct fﬁr. thgl same number ofysition of the resonance as a function of the holes’ diameter
single holes. " Since the skin depth in silve¥~20 nmis b '\ hen the hole concentratiqm, is fixed. It is possible that

much Ie;s than ,the film thicll<nes's, these gxpgriments Cannﬂjie skin resonance described above was observed in the cited
be explained using the quasistatic approximation for the Suréxperiment 51 at wavelengthh =300 nm. Unfortunately

| the parameters of the film investigated in Ref. 60 and 61

face conductivity. Note also that the metal films with peri-
Qfere chosen in such a way that the frequency of the skin

odic arrays of nanoholes represent an example of nanoen

neered structures known as electromagnetic cryStaf§. _ _ ~
resonance is close to the renormalized plasma frequepcy

where the real part of the metal-dielectric constafjtvan-

A. Skin resonance ishes. Therefore, the strong skin effect condition may not

We use the GOL approximation to calculate the transmithold in the vicinity of the resonance and losses become im-
tance of an array of subwavelength holes for the case gportant. It could be the reason why the transmittance, al-
strong skin effect. It is assumed, for simplicity, that the sur-though increased up to 20%, does not achieve 100%. Pro-
face hole concentratiop,=1—p=7(D/2a0)? is small, py, vided that the diameter of the holes is increased, the skin
<1, which is typical for the experiments mentioned above.ésonance can be shifted to larger wavelengths so that its
To evaluate the effective parametersandw, in a sparse amplitude can be increased, even at much smaller hole con-
array of holes, the Maxwell-Garnétlipole) approximation ~ centrationp,. o o _
can be usef3®7In this approximation the effective Ohmic ~ Equation(53) is valid in the vicinity of the skin reso-
parameter, say, is related to the “metal” (i) and “di- nance. For wavelengths much larger than the resonapce

electric” (ug) Ohmic parameters by the following equation the equation for the transmittandecan be simplified since
the termsxDk can be neglected. This results in the follow-

(1+pp)ug+(1=pp)Upy ing expression

He = (1= pug+ (1 ppuy’ 50 22p4
_ Pn D (54)
the same equation conneetg to w,,, andwy. The substitu- 4(d+D)?
tion of expressiong10) and (11) in the equations above

The obtained transmittanceis independent of metal prop-

erties(e.g., it does not depend on the metal dielectric con-

stante,,). It is an anticipated result for the strong skin effect

8w 16(1—p,)—D(2d+D)k*(1+pp) when the penetration of the electromagnetic field in metal

Ue™ c DK[16(1+ p;,)— D(2d+D)k3(1—py,)] (51) can be neglected. The transmittance is proportional to the
ratio of the hole siz® and the wavelength squared. There-
fore, the transmittanc® is much larger thad ~ (D/\)* re-
sulting from the Fraunhofer diffraction on single holes in the
limit of D/A<<1. It is the “background” transmittance,

Wo=i 8_7T_Dk(d+D+dph) (52) above which the considered hereafter resonances are im-
e )
¢ d+D-dpy posed.

gives

and
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B. Surface polariton resonance 2am/ag=k;{i=1,2m=1,2,...}. Since the polariton am-

Consider now surface waves in a metal film. When thePlitude is the same on both sides of the film we speculate that
real part of the metal permittivity is negative,<0 and at the resonance the film becomes almost transparent, regard-

losses are small, it is well known that surface polaritons carlleSS of its thickness, though the width of the resonance

propagate along the surface. On metal surfaces, these Wavalgrinks when the film thickness increases. The set of maxima
are referred to as surface plésmon polaritons ' in transmittance was indeed observed in experiments of Refs.

For the sake of simplicity we neglect losses in the further60 and 61. o . .

consideration, i.e., we assume that the metal-dielectric con- ©" a_qualltau_ve analysis of the resonance transmittance

stant is negat,ive _ —n2: we also suppose that>1. The we consider a simple model of the periodically inhomoge-
m 1 .

o film, with the local dielectric constant varyingeas
wave vectok, of the plasmon polariton in the metal-vacuum neous ' ) )
interface is gi)ven bk,=kn/\(n?—1)>k (see e.g., Refs. 28 —n[1-gcosgy)] in the film plane{x,y}. Then, the whole
and 39. There are tvco kinds of polaritons in the film with a spectrum of the spatial harmoniescos@yX) is generated in

finite thickness, which correspond to symmetric and anti-the film, with the wave vectorgy=mg, We consider, for

symmetriwith respect o refecton in the plar-0) so- - TP, SR TR SEERTE B8 T FESEREL
lutions to the Maxwell equations. The wave vect&isand : ’

k, of these polaritons are determined by the following equa_har_mo_nlcs, l.e., we suggest that the local electric and mag-
netic fields can be written as

tions
ek ,N?+tankf[ (d/2) y(kn)?+ k2] (55 E(x,2)=E(2) +Eq(2)cogqx), (59
=(kn , 55
1= n*— tank[ (d/2)y/(kn)2+ k]
H(x,2)=H(2)+Hy(z)coggx), (60)
2 2 2
k2= (kn , 1+ n?tantf[(d/2) y(kn)?+k3] (56) Where, as above, thez" axis is perpendicular to the film
2 n*tant?[ (d/2) \/(kn)2+ k%]— 1 plane. The wavelength of the incident wave is supposed to
) be larger than the period of the film modulation>ag
In the case of the strong skin effect, when alig}>1, the  _5;/q. The Maxwell equations in the film can be written as
wave vectors for the symmetric and antisymmetric polaritons
are equal to N B
curl[ (1+ g coggx))curl H]=— (kn)?H. (61)
4 2 [[2_ 1
k2=(kn)2n —1-4n’expdkr?/yn®~1) (57)  We consider the incident wave with the magnetic and elec-
! (n°—1)(n*-1) tric fields polarized along they” and “ x” axes. Then the
and magnetic fieldH in the film has the §” component only

and Eq.(61) takes the following form

,N*=1+4n%expdkn?/yn*—1)
(n*-1)(n*-1)

k3= (kn) . (598

H"(z)+gHg(z)—anzH(z)zo, (62
respectively. It is important for the further consideration that
both symmetric and antisymmetric polaritons propagate on
both interfaces of the film. Moreover, the absolute value of

the electric and magnetic fields are the same on the tW5/)vhere we neglected the higher spatial harmonics and equate
interfaces. This consideration holds for arbitrarily thick film, 9 g P q

i . he terms that have the same dependence on the coordinate
although the difference between the two types of polarltoné 23 . ; L
becomes exponentially small for the optically thick films. % Solutions to Eqs(62) and (63) give the magnetic field

Since the polariton wave vectors are larger than the wav%—p,s'de the film. The electric field&(z) and _EE(Z)_ are ZOb'
vectork of an electromagnetic wav@ormal to the film the ~ tained from the~ second Maxwell equatida=i/[kn“(1
wave cannot excite the polaritons in a continuous metal film—g cos@x))]curl H. The internal fieldsE(z) and H(z) are
(see, e.g., Ref. 28The situation changes dramatically when matched with the field of the incident wave at the front in-
the film is periodically corrugated, with the same spatial peterface of the film ¢=d/2) and these fields, in turn, are
riod a, on both interfaces. The example of such corrugationrmatched with the field of the transmitted wave at the back
is a regular array of holes. When wave vedtasf the inci-  interface ¢=—d/2). Note that the field€,(z) and Hy(2)
dent wave is such that one of the polariton wavelengthslecay exponentially~ exp(—|7v/g?—k?) outside the film
N1 (K)=27/k,(K) or N,(k)=2m/k,(K) coincides witha, since the spatial period of the corrugation is smaller than the
the corresponding polariton is excited on the film. This po-wavelength of the incident wave>a,(k<q). Thus Egs.
lariton spreads out onto both sides of the film and interact$62) and (63) connect incident and transmitted wave and its
with the corrugation. As a result of this interaction, the ex-solution gives the transmittandeof the film. The transmit-
cited polariton can be transformed back to the plane waveance T, as discussed above, has sharp maxima at the
This can also occur on the backside of the film. Therefore th@lasmon-polariton resonances. At the resonaficagquires
transmittance has a maximum at the resonance conditiote following form

Hy(2)+gH"(2) — (k*n®+g?)H4(2) =0, (63)
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0= (gkn®)* 64
(gkn®*+(n?+1)(n*—1)3{1+4n[2n(n?>— 1)+ Vn?=1(2n*— 1) }A%(k) '
|
with the detuning from the resonandegiven by cially interesting properties when there is a strong skin effect

in metal grains. In particular, the theory predicts that the

local magnetic fields, as well as the electric fields, strongly

fluctuate within the large optics-to-microwave spectral range.

2yn®~1(n°+1)—n(3—n*+2n%) The obtained equatio%]s fl?)r the field distributri)ons and tghe
2n(n*—1)2(n®+1) high-order field moments for the electric and magnetic fields

% (gkr®)2— g2 65 gllow_one to despribe various optical phenomena in percola-
9 as tion films, both linear and nonlinear. For example, surface
enhancement for Raman scattering is proportional to the

wherek; (k) =k, or k, defined in Eqs(55)—(58). Thus we fourth f|§ld mqmerﬁ5 and, therefore, it is ;trongly en-
obtain the important result that there is a subwavelengtilnnIanced n-a w_|de Sp‘?c”?" range. The same 1S valid for the
resonance in transmittance of a corrugated metal film due t§€'" nonlinearity, which is also proportional to the fourth
surface polaritons. The resonance has a form of two pea@oment‘_.‘ *°° The giant electric-field fluctuations near the
close to each other sinde—k,~ exp(—dkn)<1. When the percolation thre;hold in metal—dlelectrlc fl|m§ have been al-
skin effect is so strong that exptikn<g? these two peaks ready observed in the mmroweﬁ?eanq OPt'CEﬂ ranges.
merge together. Exactly at the resonaifcel, that is, the The large electric- and magnetic-field fluctuations ex-
film becomes transparent at arbitrary thickness. In a real filnplain, in particular, a number of previously obtained phe-
the transmittance is limited by losses. Yet, the losses arBomena that remained so far unclear. For example, the ab-
rather small for a typical metal in the optical and infraredSorbance in a percolation film calculated using the quasistatic
spectral ranges. Note also that the resonance position is depproximation predicts for the maximuf=0.2>* which is
fined by the conditiorA =0 [see Eq.(64)]; it is somewhat twice less than the measured vaftié®*°and the one fol-
shifted with respect to the conditidg(k) =q since the cor- lowing from the GOL equation® This can occur because of
rugation of a film affects the propagation conditions for sur-neglecting the magnetic field in the quasistatic calculations.
face polaritons. The energy of the electric field can be converted into the
Similar resonances take place whigtk)=mgq. We be-  energy of the magnetic field, so that the magnetic component
lieve that the skin resonance described in Sec. V A is resporof the em field is also responsible for the absorption. As seen
sible for the sharp short-wavelength pealear 300 nmob-  in Figs. 2 and 3, the magnetic and electric fields can be
tained in Ref. 60, whereas long-wavelength resonances @omparable in magnitudes, even at a relatively moderate skin
Ref. 60 occur due to surface polaritons considered here. Affect. This indicates that the magnetic field can carry out
quantitative comparison with the experiments will be pre-roughly the same amount of energy as the electric field. In
sented elsewhere. Now we only note that the quartz substratgcordance with this, Figs. 4—6 show that the absorbance in
used in the experiment makes the film asymmetric. Therethe GOL beyond-the-quasistatic-approximation reaches the
fore, surface plasmon polaritons propagate in a different wayajue A=0.45 (in agreement with experimentswhich is
on the two sides of the film. This is a pOSSible reason though|y twice |a|'ger than that found in the quasista’[ic ap-
the observed resonance transmittance, though strongly eBroximation.
hanced, does not exceed 10%. We also considered the optical properties of a metal film
with an array of subwavelength holes and showed that trans-
mittance of such a film is much larger than the Fraunhofer
diffraction predicts. This result is an agreement with recent
experiment§°-%2 For such films, a new effect, skin reso-
In this paper a detailed theoretical consideration of theéance, is predicted; at this resonance the transmittance can
high-frequency respons@ptical, infrared, and microwaye increase up to 100%, regardless of the surface concentration
of thin metal-dielectric films is presented. The generalizedf the holes. We also predict series of the surface plasmon-
GOL approximation was employed. The developed GOL appolaritons resonances in the transmittance.
proximation is based on direct solution of Maxwell’'s equa-
tions, without having to invoke the quasistatic approxima-
tion. In this approximation the electromagnetic properties of
semicontinuous metal films are described in termsved
parametersi, and w,, in contrast to the usual description
with a single complex conductivity. This approach allows us We would like to acknowledge useful discussions with E.
to calculate field distributions and optical properties of semi-Yablonovitch, A. M. Dykhne, T. Thio, and V. Podolskiy.
continuous metal films in a wide frequency range: from theThis work was supported in part by NSPMR-9810183,
optical to the microwave and radio frequencies. ARO (DAAG55-98-1-042% PRF AVH Foundation, and
It is shown that metal-dielectric films can exhibit espe-RFFI (98-02-17628

A(k)=k?(k)+
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