PHYSICAL REVIEW B 67, 195402 (2003

Resonant transmittance through metal films with fabricated and light-induced modulation
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It is shown that the optical transmittance through a periodically modulated metal film is strongly enhanced
when an incident wave is in resonance with surface plasmon-polaritons in the film. Analytical equations
describing the resonance transmittance, reflectance, and absorptance are derived. The explicit dependence of
the transmittance, reflectance, and absorptance on the dielectric permittivity of the film, its thickness, and
modulation is obtained and analyzed. The developed approach includes nonlinear effects and describes the case
when the film properties depend on the intensity of incident light. A means of inducing and controlling the
extraordinary optical transmittance with light itself is proposed and discussed. It is predicted that an optical
bistability can occur in a modulated metal film.
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I. INTRODUCTION for z>0,

1
A flat metal surface is almost a perfect reflector for elec'wherek:w/c is the wave vector. Thus the boundary condi-

tromagne.tic waves.in the visible regign, and the_ applicatioqions requiring that the tangential components of the mag-
of metal films as mirrors has a long history. In this paper we ’

- . netic field are continuous at=0, are satisfiedH(x,z
show that even a small periodic corrugation could make a

metal film semitransparent. A metal film becomes semitrans. 0)~ H2(X,z=0). The_ele_ctnc fieldE, _found from the

parent at resonant wavelengths, allowing the excitation OP/IaxweII quanon curH=—ikeE, with e=1 for z<0 and

electromagnetic waves propagating on the surface of th§ ~&m= —N" for z>0, has component&, and E,. The

film. continuity requirement for the tangential componé&gtre-
We begin our consideration with a flat metal surface. InSUItS in the condition

the optical and infrared spectral ranges, the collective exci- JH 1 oM

tation of the electron density coupled to the electromagnetic gan__ -7 )

field results in surface plasmon polarito(8PP$ traveling Iz n? 9z

on the metal surfacésee, e.g., Refs. 1+3The SPPs can be

excited when the real part of the metal permittivity,

=g, tien, is negative,e/,<0, and losses are relatively

for z=0. At n>1, this equation can be satisfied, and it
yields the dispersion equation

small, k=ep/|en|<1, which is typical for metals in the kn

optical range. First, for simplicity, we set=0, and denote Kp= > 3

the negative metal permittivity,, as —n?, wheren is the vno—1

magnitude of the refractive index; the role of losses will befgr the wave vectok,, of the SPB. Note that, forn>1, the

considered later. wave vectork, is real andk,>k, so that the fieldsee Eq.
At the metal-dielectric interface, the SPP is ldnwave,  (1)] decays exponentially in the metal and vacuum.

W|th the direCtion Of the magnetic f|e|Hi pal’allel to the The ComponentEZ (perpendicu|ar to the propagation

metal surfacé.In the direction perpendicular to the interface, plane of the electric field in the SPP takes the following
SPPs exponentially decay in both media. The relation beygjues on the metal interfaceE, is equal to E,(—0)
tween the frequency and wave vectok, of SPP can be = _ (k_/k)Hgexp(k,X) in the vacuum side of the interface
found from the following consideration. We set the meta"andEZ(+O)=(kp/nzk)Hoeprkpx)aﬁEz(—O) in the opposite

dielectric interface as they plane, and assume that the SPP(meta) side. The discontinuity in the electric field is due to
propagates in the direction, with the fieldH directed in the  the surface charge density

y direction:H={0,H,0}. For simplicity, we also assume that

the z< 0 half-space is a vacuum, with the dielectric constant 1
e=1, and neglect, as mentioned, losses for metal inzthe p(X)= E[Ez(Jro)_Ez(_o)]
>0 half-space. We seek solutions for the magnetic fitid )
the forms (1+n%) .
=—————Hgexpik,x), 4
pr o @

_ , which propagates together with the electric and magnetic
H=H;=Hgexpikpx+Aoz), A= k;—k* for z<0, fields along the interface.
Thus the SPP is a wave that consists of an electromagnetic
) field and surface charges coupled together. Since the SPP
H=H,=Hoexp(ikyx—A12), A;=kj+(kn)? propagation includes a rearrangement of the electron density,
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it is not surprising that its speet},= w/k,= cyn?=1/nis  with a discovery of the Wood anomalies. In 1902 Wood
less than the speed of light As a result, the SPP cannot be reported® that the reflection spectrum from a metal diffrac-
excited by an external electromagnetic wave on a perfectlyion grating drastically changes at some frequencies, which
flat metal surface. When the refractive indeapproaches 1  are now known to correspond to the excitation of SPPY
from above(that is the metal dielectric constaat,— —1 Earlier experimental studies, as well as theories based on the
—0), the SPP velocitg, vanishes, so that the SPP “stops” perturbation approach, were reviewed in Ref. 2 The first full-
on the metal surface. In this case, the surface charge diverggsale computer simulation of SPPs that propagate on a metal
as (1?—1)~"4 so does the normal component of the electricsyrface with sinusoidal and sawtooth profiles was performed
field. This phenomenon is known as plasmon resonance inig Ref. 20. The grating amplitude in this work was relatively
thin metal plate. We note that the SPPs can propagate n@mall, yet the authors obtained almost a flat dispersion curve
Only on a metal surface but also on surfaces of artifiCialw(kp) for the SPP WhiCh, as we understand now, could indi-
electromagnetic crystals, for example, wire-mesh cry$tals cate an electromagnetic field concentration in the grooves.
or specially organized metal-dielectric lay&rShis can oc-  The problem of the electromagnetic wave interaction with
cur because the real part of teéfectivedielectric constant corrugated metal surfaces was extensively studied in the
can be negative in these mesastructures. Such excitation &hicrowave” literature. In particular, ribbed metal surfaces
SPPs was observed in two-dimensional superconductingng waveguidescalled also septate waveguidiese shown
wire networks deposited onto a dielectric substate. to support slow electromagnetic modes with the properties
We now consider SPPs in a metal film with a finite thick- similar to SPPs in optic& 2% The possibility to decrease
nessd placed in thez=0 plane. There are two kinds of SPPs losses in waveguides by corrugating their W&Uﬂdmg ef-
in a finite film that correspond to symmetric and antisymmetect), was also considered in Ref. 2dlso see Refs. 25—-27
ric solutions to the Maxwell equatior‘(svith respect to the Recent]y, a |ong_standing prob]em of the existence of
reflection in the film’s principal plane=0). Hereafter, we modes localized in the subwavelength grooves has attracted
still use the “refraction index” defined as=\—¢;, and a lot of attention(see, e.g., Refs. 28—37 and references
neglect losses; it is also supposed thatl. We are inter- therein. Experiments reported h show well-pronounced
ested in the case of a strong skin effect when exjgin) minima in the specular reflection that can be explained by
<1, so that the field decays exponentially in the film. Then,localization of SPPs in the groves, whose widths are much
by applying the same approach for a film of a finite thick- smaller than the radiation wavelength. The plasmon localiza-
ness, we find that the propagation of SPPs is determined kyon could also occur in the intergrain gaps in metal films, in
the equation random metal-dielectric films, and in metal nanocavities, as
reported in Refs. 38—40, and Ref. 41, respectively. In Ref. 42
it was predicted that, in the optical frequency range, the local
1 exp(—dkpn) |, (®  magnetic fields can also be strongly enhanced, along with the
electrical fields, in a random array of nanoparticles. It is
where the wave vectoils; andk, correspond to symmetric worth mentioning that the electric and magnetic fields are
and antisymmetric SPPs, respectively, apds defined by  typically localized in different places of the array. The exci-
Eq. (3). For further consideration it is important to note thattation of SPPs in a long chain of gold nanoparticles was
the symmetric and antisymmetric SPPs propagate on botbbserved in Ref. 43. It is interesting to note that the plasmon
sides of the film. Moreover, since both SPPs represent thexcitations were localized in the interparticle gaps in this
eigenmodes of the film, the magnitudes of the electric anégxperiment; this is in contrast with the case of a single par-
magnetic fields are the same on the both interfaces. Thiscle, where the electric field associated with the plasmon
consideration holds for an arbitrarily thick film, although the mode has a maximum in the particle. Localization of SPPs in
difference in speeds for the two SPPs becomes exponentially subwavelength cavity was observed in near-field
small for the optically thick filmsik,n>1. The velocities of experimen‘é4 (also see Ref. 45 and references theretine
symmetric and antisymmetric SPPs are both less than theaveguiding of SPPs in an array of metal nanostructures was
speed of light, and these SPPs cannot be excited by an ekwvestigated in Ref. 46.
ternal electromagnetic wave incident from a vacuum, be- The electromagnetic surface-plasmon resonances attracted
cause this would violate the momentum conservation. a great deal of attention because the enhanced local fields
The situation changes dramatically when the film is peri-associated with these resonances play an important role in
odically modulated. In this case, the EM field inside the filmthe surface-enhanced Raman scattering and nonlinear optical
is also modulated. When the spatial period of the modulatioprocesses on rough metal surfaces and semicontinuous metal
coincides with the wavelength of a SPP, it can be excited byilms (see, e.g., Ref. 31 and.Another motivation for study-
an incident em wave. An example of such spatial modulationing the electromagnetic properties of nanosized features is
is a square array of nanoholes punched in a film as in Refghe possibility to use them for a near-field superresolution
10-15. Another example of a regular modulation of the re+eadout of the optical disks and subwavelength lithography
fractive index(which we propose and study in this paper (see, e.g., Refs. 47—-19
the light-induced modulation in the refractive indexoccur- The growing interest in the subwavelength optics of metal
ring, for example, because of the optical Kerr nonlinearity. films was further boosted by Ebbesen, Lezec, Ghaemi, Thio,
The problem of light interaction with periodically modu- and Wolff when they discovered the extraordinary optical
lated metal surfaces and films has a long history, startingransmission through nanohole arrays in optically thick metal

2

kl,2: kp 1+

195402-2



RESONANT TRANSMITTANCE THROUGH METAL FILMS . .. PHYSICAL REVIEW B 67, 195402 (2003

films.1%~1%A review of earlier studies of light interaction with comes progressively smaller with a further increase of the
subwavelength holes can be found in Ref. 50. The possibilit§ilm thickness. Results of the present paper are is in qualita-
that an opaque metallic film can be transparent, provided thdive agreement with this behavior of the transmittance.
an incident electromagnetic wave excites the coupled surface Yet another theory for light transmission through a sub-
plasmons, was demonstrated in early work in Ref.(®lis  wavelength periodic hole array was developed in Ref. 58.
worth noting that in the beginning of the last century Lord This theory also attributed the resonant transmittance to the
Rayleigh pointed out that a flat rigid surface with cylindrical coupling of SPPs through the nanoholes; it predicted that this
holes can have acoustic resonances at some special depthscofipling exists only for a metal with a finite conductivity.
the holes?) Therefore, according to theot§,the transmittance should
The electromagnetic field in subwavelength holesyanish when all parameters of the system are fixed and the
grooves, or slits in a metal film was simulated in many com-metal conductivity goes to infinity. This result is in contra-
puter experiments after discovering the extraordinary opticatliction with results of theory?
transmittancegsee, e.g., Refs. 50 and 5396M nearly all Theories of Refs. 15 and 58 not only contradict one an-
simulations, the local electromagne(ieM) field is strongly  other, they both disagree with recent computer simulations
enhanced in subwavelength apertures, for certain frequerand qualitative considerations performed in Refs. 60 and 61
cies. This enhancement is considered to be the reason for tii@here the extraordinary transmittance through a periodical
enhanced resonant transmittance. Yet distributions for the lcarray of subwavelength slits was considerdthe authors of
cal EM fields are rather different in simulations performedRefs. 60 and 61 attributed the transmittance toittiernal
by different authors. Thus the resonant field concentrates explasmon modes of the slits, and arrived at the conclusion that
actly inside deep grooves and slits, according to simulationthe SPP excitation “is not the prime mechanism responsible
of Refs. 31,34,36,56 and 57; on the other hand, simulationfor the extraordinary transmission of subwavelength metallic
in Refs. 33 and 53 predict that the resonant field is stronglgratings with very narrow slits.” Moreover, according to
enhanced in a close vicinity of but outside the subwavelengtiRefs. 60 and 61, the SPP may play a negative role in the
grooves. According to Ref. 54, the field is concentrated intransmission at some special conditions.
deep slits but distributed all over the film for more shallow In Refs. 42 and 63 it was concluded that the extraordinary
slits. Simulations of Refs. 59 and 62 predicted that the EMransmittance could result from the excitation of internal
field is localized at the edges of subwavelength holes, in thenodes in holes punched in a metal film. Then this effect
case of the extraordinary optical transmittance. Computewould not depend on the periodicity of the hole array. How-
simulations in Ref. 50 predicted a rather broad maximum forever, the radiative dumping of the internal modes was not
the local-field intensity that centers at a nanohole but extendaken into account in this consideration. The light emission
over distances much greater than the hole diameter. Accordnd the excitation of SPPs can damp the resonances of the
ing to Ref. 55, where a so-called dynamic diffraction wasinternal modes. Therefore, results of Refs. 42 and 63 for the
studied in computer simulations for thin metallic gratings,transmittance through randomly distributed holes should be
the local magnetic field is strongly enhanced in some regionsonsidered as the upper limit. Note that in a regular array of
outside slits in a metal film; in the slits themselves, the locaholes, the emission of SPPs can be a reversible process since
field has a clear minimum, according to these calculationsSPPs can be converted back to the internal modes, when the
Also note that it was stressed in Ref. 55 that the field maximaroper phase conditions are fulfilled. The importance of the
obtained are different from the SPP. An Analysis of EbbeserSPP excitation around a hole was demonstrated in recent
and co-workers experiments®was performed in Ref. 66, experiment$*%> where the light transmittance through a
in terms of the diffraction theory, and it also did not invoke hole surrounded by a system of periodic ring grooves was
the SPP excitation. In the near-field experiments of Ref. 6Tnvestigated. When the period of these rings is approximately
the EM field intensity(at A =0.9u m) was measured around equal to the wavelength of SPP, the electric field in a vicinity
a single nanohole and a pair of nanoholes, having a diametef the hole increases significantly. We speculate that the sys-
a=0.3um and separated by a 2m distance from each tem of ring grooves operates as a band-gap material for the
other. For a single hole, the field was concentrated inside th8PP radiated from the hole. The rings effectively confine the
hole, whereas for the pair of holes a well-defined trace of th&SPP near the hole. This confinement results in an enhance-
EM field was observed between the holes, which was interment of the light transmittance through the hole by more
preted as a SPP. than an order of magnitude in comparison with a “bare”
Here we also mention a theory of the extraordinary opti-hole®® It is interesting to note that direct experimental
cal transmittance presented in Ref. 15. This theory considemnmeasurements show that, at resonance, the local EM field
SPPs on both sides of an optically thick metal film, whichconcentrates in a close proximity to the hole when it is sur-
are connected through the evanescent modes in the nanmunded by the system of rings.
holes treated as subwavelength waveguides. The theory As mentioned above, Ref. 42 considered the transmittance
qualitatively reproduces the long-wave peak in the extraordiin a system of holes punched in an otherwise impenetrable
nary optical transmittance obtained in one of the Ebbesetight film. In Ref. 42, we also reported preliminary results for
et al's experiments? The theory of Ref. 15 also predicted the extraordinary transmittance though a metal film with a
that the transmittance of a thin lossless metal film has twgeriodically modulated refractive index. In this case, the en-
asymmetric maxima that merge together with an increase diancement in the transmittance was attributed to the excita-
the film thickness; eventually, there is a single peak that betion of SPPs that propagate on both interfaces of the film.
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Among most recent publications describing a system X
similar, to some extent, to that considered in the present pa-
per, we mention computer simulations of Refs. 57 and 68.

The authors considered an optically thick metal film with a z

periodical set of symmetric conial and sinusoid&f

grooves on both side of the film. The grooves were placed in y

such a way that their bottoms were opposite to each gther

Ref. 68, the gratings on the two sides shifted for a half period

with respect to each other were also considerad certain

frequencies, the electromagnetic wave incident on the film

causes the resonant enhancement for the field inside the n:> n::>

grooves. The excitation, which the authors of Ref. 57 treated

as standindlocalized SPPs, tunnels through the metal film

from the bottom of the illuminated grooves to the opposite

side of the film and excites there the standing SPPs. Thus

resonance transmittance through the otherwise optically

thick metal film can occur. The transmittance vanishes expo- FIG. 1. Light incident on a modulated film. The light first ex-
nentially fast when the distance between the bottoms of theites the surface plasmon-polarité8PB on the front interface of
grooves in the metal film exceeds 100 nm. Although resultshe film, which then couples to the SPP on the back interface; the
of simulations in Refs. 57 and 68 gave a qualitatively similarbackside SPP is eventually converted into the transmitted light.
physical picture, the actual transmittance spectra obtained are

rather different. In Ref. 57 a double-peak maximum in theeffects are essential. Specifically, we consider a dependence
transmittance was predicted for a sufficiently small distancef the metal dielectric function on the intensity of the SPP
between the grooves on the two sides, whereas simulatior{which is strongly enhanced in the resonarsmthat the SPP
of Ref. 68 predicted one maximum in the transmittance, eveean further increase an initidl'seed”) modulation in the
when the bottoms of the grooves touch each other. Experfilm’s refractive index and by this means the film transmit-
ments performed in Ref. 68 for corrugated gold films alsotance. We also suggest the possibility of tight-induced
showed only one maximum in the transmittance. extraordinary optical transmittance through a thick metal

Finally, we mention experimental results by Schroter andilm.

Heitmanrt® and their computer simulations. The authors in- When considering the transmittance we suppose, for sim-
vestigated the optical transmittance and reflectance for glicity, that the electromagnetic wave is incident normally to
modulated silver film with the average thickness 50 nm andhe film, as sketched in Fig. 1. The refractive index of the
a modulation amplitude of 30—35 nm. The transmittaftee  film is spatially profiled, with the period=2=/q, whereq
flectance observed has a double-peak maxim(minimum) s the spatial wave vector of the film modulation. The modu-
structure corresponding to the excitation of the SPP on thé&tion can be either prefabricated or induced by the impinged
surface of the film. We note that theoretical results reportedight due to the optical nonlinearity in the film material.
in the present paper are in good qualitative agreement witiVhen the frequency of an incident wave is such that SPP
experiments of Ref. 69. wavelengths\; ,=2m/ky , [wherek, , are given by Eq(5)]

In this extended literature survey, we did not try to ana-coincide with the period of the modulatian the SPPs are
lyze all numerous papers considering the exciting phenomexcited in the film. Since the film is optically thick the SPP is
enon of the extraordinary optical transmittance. Still, it canexcited first on the front interface of the film. Yet, eventually,
be concluded from the examples presented above that theite*spreads” over the other side of the film, so that SPPs on
is as yet no generally accepted quantitative theory for thidoth front and back interfaces of the film are eventually ex-
important phenomenon. Therefore, a simple model, whicleited. There is a straightforward analogy between the two
(a) reproduces main features of the extraordinary transmitSPPs on the opposite sides of the film, and two identical
tance andb) provides us with an explicit analytical solution, coupled oscillators. The coupling between two oscillators
can serve as a starting point in considering behaviors of morean be arbitrary weak; nevertheless, if we push the first os-
complicated systems. In this paper, we suggest such a modeillator then, in some timéwhich depends on the coupling
and find its analytical solution. The obtained extraordinarystrength), the second oscillator starts to oscillate with the
transmittance has a behavior, which is in gqualitative agreesame amplitude as the first one. By the same token, the two
ment with results of Refs. 15 and 57. SPPs on different sides of the film will eventually have the

In our paper, we adopt an approach where the film modusame amplitude. When a SPP propagates on the back side of
lation is assumed to be small. This approach allows us tthe film, it interacts with the film modulation and, as a result,
develop ananalytical theoryfor the extraordinary optical converts its energy back to the plane wave re-emitted from
transmittance that has certain advantages over numerictiie film. Therefore, at the resonance, the film becomes al-
simulations because of its generic nature. A detailed analysisiost transparent, regardless of its thickness; however, the
performed allows us to find the resonance conditions undewidth of the transmittance resonance shrinks when the film
which a modulated film becomes semitransparent. We alsthicknessd increase$? Note that in the speculations above
extend our consideration to the case when nonlinear opticdhe amplitudeg=An/n of the film modulation does not play
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any role. The modulatioy can be arbitrary small, yet the magnetic field inside and outside the film. Thus we neglect
SPPs are excited and the film may become transparent. the generation of col() harmonics withl higher than one.
Moreover, we do not even need the presence of holes, for To find electricE and magnetidi fields inside the film we
the resonant transmittance to occur. The only thing needed substitute the magnetic field
that both sides of a metal film are modulated with the same
spatial period. The minimum of the modulation required for H={0, H(z) + Hq(z)cosqx, O} (7)
the extraordinary transmittance depends on losses in metal,
which can be relatively smaliin particular, when the skin and modulated dielectric constdiq. (6)] in the Maxwell
effect is strong Note that the transmittance maxima haveequations, and equate the terms that have the same depen-
typically a double-peak structure corresponding to the excidence on the X” coordinate’® Neglecting the generation of
tation of symmetric and antisymmetric SPPs. In the next twdiigher harmonics, we find a system of two differential equa-
sections we consider in detail a theory for the resonant lightions,
transmittance through linear and nonlinear metal films.
n g 4
Il. RESONANT TRANSMITTANCE THROUGH H(2)" = (kn)*H(2) = 5 Hq(2)"=0,
THIN FILMS

A periodical modulation in a film can be represented by Hq(2)"—[(kn)?+g?]Hq(2) —gH(2)"=0, ®
the Fourier series. The resonant transmittance takes place ) ! o , )
when the frequency of an incident wave is such that one ofhat determ!nes the fields inside the film. The solution to
SPP wave vectork , is equal to the wave vectay of a  (N€S€ equations has the form
spatial harmonic of the decomposition. The resonance inter-
action of a SPP with thg-th spatial harmonic results in the H(z)
enhanced transmittance. Since other spatial harmonics are off | H(z)
resonance, their amplitudes are small, so that we can con-
sider the interaction of the incident wave with the resonant
spatial mode only. As mentioned, we suppose that the mag-
netic fieldH in the incident wave has only ya component )
H={0H,0}, and consider the interaction of the incident X[YscostiknzAz) =Y, sintknzAz) ], (9)
wave with a metal film having a dielectric constant that var-
ies ase(r)=—n?[1+g cos@x)], where the amplitude of the
modulation is smallg<1 (see Fig. 1 In actual calculations

it is convenient to use a slightly different equation for the 2-Q+dq] 2+Q+q}
. . A= \/——— Ar=\/——— (10
modulated dielectric constant 2—g? 2—g?

e(r)=—n?1-gcogqgx)] %, (6)

which is equivalent with the one above provided that1. Q= \/q‘1‘+ 292(1+q21), q1=%, (11
For a plane electromagnetic wave propagating normal to the

film (along thez axis), the amplitude depends anonly. In dA andB in Eq. (9 ; tors for E that
the course of the interaction with the film modulatifffg. 23ual ?(;] in Eq. (9) are eigenvectors for EqES) that are
(6)], an electromagnetic harmonic is generated, which is pro-
portional to cogfX). The amplitude of this harmonic is pro-

dkn
] =A SGC% T) [X;coshtknzA,)

: dng
—X,sinh(knzA 1) ]+ B sec -

whereA; and A, are are dimensionless eigenvalues,

2 2 2 2
portional to the small film modulatiog. This harmonic, in Q+a;—g°(1+qy) g 2+Q+qj
turn, also interacts with the film modulation and converts (2—g9)q? 2(2— g9 >
. . . 97)q; g97)q;
into cos(2)X) harmonic, etc. In this cascade process, the A= 5 , B= 5 5
whole spectrum of the electromagnetic waves is excited in 2-Q+a; g°+Q+0a;
the film, when the incident plane wave interacts with the film 9 2_02)g2 2_02)g2

: : . (2-9g9)a; (2—-99a1
modulation. The amplitudes of the cogf® harmonic are (12)

proportional tog?; the cos(8x) harmonics are proportional

to g3, etc. The resonant transmittance occurs when theseith Q andq, given by Eqs(11). The electric fielcE inside
harmonics are converted back to the plane wave transmittettie film is obtained by substituting the magnetic field given
through the film. We are interested in the electromagnetiby Eqgs.(7) and (9) into Maxwell equations and neglecting
harmonics that can be converted back to the plane wave ithe spatial harmonics-cos{gx) and ~sin(gx) with 1>1.
such a way that this optical process is proportional to theéThen it acquires the following form:

lowest possible order in the decomposition over the modula-

tion g. Therefore, we restrict our consideration to the qajs( E={E(2)+Eq(z)cosqx, 0, E,(z)sinqx}. (13
harmonic and consider the magnetic field in the following

form H(x,z2)=H(z) +Hy(z)cos@x), where H(z) and For further consideration, we need an explicit formkgk),
Hq(2) are two unknown functions that determine the electro-andE4(z), which is given by
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E(2) dkn The magnetic field in the incident and reflected waves can
{E (z)] =U~AAlsecI{T)[Xlsinf(knzAl) be represented asH(z)=Hqexpikz)+rHqoexp(=ikz), z
q =< —d/2, whereH is the amplitude of the incident wawveis
dng the reflection coefficient anB=|r|? is the reflectance of the
—XzcoshknzA )]+ U- BAzsecfE 7) film. The field in the transmitted wave has the fot(z)
=tHoexp(kz), (z=d/2), whereT=|t|? is the transmittance.
X[Yisinh(knzA,) —Y,cositknzA,)], (14) For theq mode we use the radiation boundary conditions,
, . ' namely, Hq(z)=Y3H0exp:—i\/k2—q2(z+ d/2)], for z
with the matrixU defined by <—di2, and Hq(2)=Y,HoexliVke—q¥(z—di2)] for z
i1 g =d/2, whereY; andY, are some constants. Note that for the
= ﬁ[g 1 } (15 resonant transmittance the wave veckois less than the

modulation vectoig, which is given by one of the two SPP
and vectorsA andB given by Eq.(12). wave vectors; ,>k, so that the fieldH, decays exponen-

It follows from Eqgs.(7), (9), (13), and(14) that the fields tially outside the film.
inside the film are fully determined by the two pairs of con-  Thus we obtain that the electromagnetic field in the whole
stants, namely{X;,X,} and {Y;,Y,}. For a flat film,g space is completely determined by vectoiX

=0, so that the eigenvalue’s, andA, in Egs.(9) and(14)  ={X1,X,,X3,X4}, where we choose
are equal toA;=1 and A,=(kn) */k?n?+q?, while the
eigenvectorA and B [see Eq.(12)], and the matrixJ [see Xs=r exp(ikd/2), X,=texpikd/2), (16

Eqg. (15] acquire the following values={1,0}, B={0,1},

andU=i{{1,0},{0,1}}/n. Therefore, the constan{X;,X,}  and vectorY={Y,,Y,,Y3,Y,}. We set the amplitude of the
in Egs. (9) and (14) correspond to the fundamental beam, incident waveH,=exp(kd/2) so that the electrid;,;, and
whereas the other two constantsy,,Y,}, describe the magnetic,H,;, fields before the film, take the following

cos@X) mode. forms
2_ 2
elk(z+d2)_ Xse—ik(z+ dre)_ Y, a cos{qx)e’i VkZ2—q2(z+dr2)
Er= 0 '
_iy3gsin(qx)efi\/szqz(z+d/2)
0
Hy =1 ek@d2 4 x e kz+d2 1y, cogqgx)e k2= q2(z+dI2) 7<—d/2. (17)
0
T
The electric fieldE and magnetic fielH inside the film We now match the (y) component of the electrigmag-

(—d/2<z=d/2) are given by Egs(13), and (14), and(7)  netic fieldsE;; (H,¢) and the corresponding components of
and (9), respectively. The fields behind the film, i.e., trans-the inside fieldsE (H) at z=—d/2. Then we equate the

mitted fields, are equal to terms with the same dependence on xheoordinate. Thus
q we obtain four linear equations connectikg, X,, Y1, Y5,
ik(z—d2) . _ iVk2—q?(z—d2) and X3, Y3. We repeat the matching for fields, , H,, and
Xq8 Ya cosgx)e E, H at the planez=d/2 and obtain other four linear equa-
E — 0 tions connecting, this timeX;, X,, Y1, Ys, and X4, Y,.
tr ' Thus the eight equations ob_tained for the components of vec-
—iY4Esin(qx)e‘m(z‘d’z) tors X andY can be written in matrix form as
0 H-X+g G;-Y=2, HyY+gG,rX=0, (19
Hy=4 X,ek@ 921y, coggx)e Vk2—q2(z—d/2) where vectorZ is proportional to the amplitude of the inci-
' 4 4 ' dent waveH,, which we chose above to be equal ki
0 =exp(kd/2) so that
z=di2. (19) Z={1,1,00: (20
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the matricesH, H, G;, andG, are 4x4 matrices, whose
explicit forms will be discussed below. At this point we note
that all the matrices remain finite gt 0.

In the limit of vanishing modulatiory the matrix A is
represented by

( r(dkn) )
1 tanh — -1 0
2
i dkn i 1 0
- — ~tanh —— —— |
H= 1 dkn 0 1 '
—tan -
i dkn i
—tanh — - — 0 -1
L N 2 n )
(21

Wheng=0, the first of Eqs(19) reduces tdH-X=2Z and it
gives the well known results for the reflectan&es |X5|?,
and for the transmittancd,=|X,|2, of uniform metal films,

1+n?
m2—2in coth dkn)| ’

‘ 2

2n ‘2
= —— , (22
2n coskdkn) + |m23|nr(dkn)‘
where
m=n°—1 (23

(see, e.g., Ref.)1Wheng=0, the second of Eqg19) re-
duces toH{(k)- Y=0, whereH{?(k)=H,(k, g=0) and
we show explicitly the dependence of matit” on the
wave vectork. The equatiorH{?(k)- Y=0 has a nontrivial
solution when the determinant 6f*)(k) is zero. The con-
g SO . . .
?oltrlczf?edg Igl_:"qi n( g)lglatomg![\éﬁil:: ?hgltssg irnsclz(i)orl]e: wfr: I(I'i]é)k.)

For a nonzero film modulatiog, the solution to Eqs(19)
can be written in the following form

X=(H-g? G;-H ' Gy 'z (24)

Although the second term in the bracketg? it cannot be
neglected, even fog—0; this is bec:auséial is a singular

PHYSICAL REVIEW B 67, 195402 (2003

-1 im -1 —im
., 1]0 0 0 0
@ D, -1 im -1 —im
-1 im -1 —im
0 0 0 0
1 (-1 im 1 im -
+— +
D,| -1 im 1 im Hareg:
1 -im -1 —im
(25)
where
2m(1+n%)A 4 g°n? o6
127y A (26)
A=k/q—m/n, {=exp(—dnqQ). (27

EquationsD, ,=0 for the singularities of matri;lf-lg1 coin-
cide with the dispersion equatiofis) for the flat metal film
whereg=0. Note, that Eq(27) for the dimensionless detun-
ing from the resonanca& can be written in the form

N n '’ (28

where\ is the wavelength of the incident light araljs the
period of the film modulation.

Below we neglect, for simplicity, the regular peﬁit;,leg
of matrix I3|;l since it is proportional tg2. We also neglect

terms proportional t@? in matricesH, G; andG,, so that
they are given by Eq21) and by the equations

-n%2 -n%¥2 0 O
. im/2 im2 0 O
S17\ 2 w2 0 of
—im/2 im/2 0 O
m> m?> 0 0
. —in —in 0 O
G5\ m om0 of @9
in —in 0 O

wheremis given by Eq.(23). Note that in derivation of Egs.
(29 we still suppose that<1.

Substitution the explicit forms of the vecta@ and ma-
trixesH, Hy ', Gy, andG,, given by Eqgs(20), (21), (25),
and(29) correspondingly, in Eq24) gives the vectoX and,
therefore, transmittanc&=|X;|?> and reflectancdr=|X,|?
of the film [see Eqgs(16)].

To simplify consideration we neglect the off-resonétit

matrix which can be very large at the resonance. In the correch transmittance~ /2, i.e., we set tanlikn/2)=1 in ma-

sidered case of a strong skin effect, whés exp(—dkn)
<1, the matrixﬂ;l can be written in the following form

trix H [see Eq(21)]. Thus we obtain simple formulas for the
resonant transmittance,
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B 4g* T §=0.01 T g=0.05
T(A)=—= == = —, 1 1
[(A=1)%+(g*+x)?I[(A+1)*+(g°+ x)?]
(30 .5
the reflectance, A A
-2 2 -2 2
~ g*+A%-1)2-2(g*~ A%~ 1)k*+k*
R(E)= 9 . NZ) _ 2(g~ . )'12 . T g=o1 T g=02
[(A=D)*+(g°+ ) ][(A+1)“+(g°+ x)“] 1}
(3D
and the absorptance, 05T 0.5T
Z ey~
A(M)=1-T(A)—-R(A) -2 0 2 -2 0 2
4627‘(1‘*‘52"'(52‘*‘7‘)2) FIG. 2. Resonance transmittance as a function of the normalized

detuningA from the resonance; the different graphs correspond to

TR 24 (B2 (R 2, (F2. 7827
[(A=D)"+(g"+ «)"I(A+ )"+ (g7 + x)7] different film modulationsy.

(32
The obtained quantities depend on the renormalized detunirfgf 1S thickness. It is instructive to consider how the trans-
from the SPP frequency, mittance changes when the modulat@increases. The dis-
) 5 ) tance between the two maxima;—A,=2v1-g* de-
X_g? n(n—m)*(n+n°+2m) A m(1+n%) (3y ~ creases with an increase of the amplitude of the renormalized
g 8(1+n?)¢ g 2n '’ modulationg. The film remains completely transparent ex-
the renormalized modulation, actly at the resonances. Finally, whgrbecomes larger than
one, the two maxima merge together. Now the transmittance
- gnJym(n—m) has one maximum, with the amplitude,=4g*/(1+g%)?
g= —ZW\/Z ' (349 <1 thatdecreasest a further increase @f (see Fig. 2 This
result can be understood if we recall that the interaction with
and the renormalized losses in the system, the film modulation results in a radiation decay of SPP and
its conversion into plane-wave radiation. The radiative losses
~_ A+ n%) (35 [term ~g* in the denominator of Eq36)] lead to the damp-
o an%; ' ing of SPPs. As a result, the resonant transmittance decreases

" ) with an increase of the renormalized modulatgn
wherexk=¢/|ey| and parametems, A, and{ are given by

Egs.(23), (27), and(28). Note that in Eqs(30)—(35) we do Note that the renormalized modulati@n given by Eg.

take losses in the system into account, by writing the metaﬁ34) exponentially increases with the film thickness
dielectric  constant e, in the form en namely,g~g exp@dng2). Therefore, as follows from discus-

= —n?(1—ix), wheren is positive and larger than one, sion above, the transmittance maxima merge when the thick-

while k<1. Note also that the transmittaritereflectanc&®, ~ N€sS d increases. Whend becomes larger tha>d.
and absorptance depend on the frequeney of the incident 2 In(19)/(nq) there is only one maximum in the transmit-
wave through the parametdr, which is proportional to the tance that decays exponentially with a further increase of the
detuningA = w— wherew’=qcm/n. The frequencyw film thicknessd. This behavior of the resonance transmit-
is the frequency at which the SRExcited on a flat metal tance as a function ofl is in qualitative agreement with

surface has a wave vectok,= w,/c equal to the modula- results of Refs. 15 and 57. _
tion wave vectom, In a real metal film, losses decrease the resonant transmit-

To analyze the resonant transmittance we first ignore, fof2NCe- Yet the effect may remain rather profound. As follows
. . ~ . . from Eq. (30) the transmittance reaches its extremum when
simplicity, losses, i.e. we set=0 in Eq. (30), which then

simplifies to the renormalized detuning is equal to

4g° Ro1={0—V1-(@+%)2V1-(@+%)?3. (37
= = = —. (36)
[(A-1)2+g*[(A+1)2+g4]

T(A)=
Thus, forg?+«x<1, the transmittance has two maxima at
For the renormalized film modulatiag<1, as follows from A, ,= = y1—(g?+ )2, whereT e is given by T .=0"(c?
Eq. (36), the resonance transmittan€€A) has two maxima +x)2. By substituting in this equation the renormalized
as a function ofA, namely, T(A;)=T(A,)=1 at A;, modulationg [given by Eq.(34)] and the renormalized

=+ 1-g* Therefore, a lossless, optically thick metal film lossesx [Eq. (35)], we obtain an equation for the maximum
becomes absolutely transparent at the resonance, regardlésmsmittance,
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(m+n)2(1+n?)2c) 2 T%
Tres= CR) , (38) 3.0F
g mn
which does not depend on the film thicknessThus, in the 2or
resonance, the metal film becomes semitransparent, even for
a rather large thickness, provided that 1o
. L A
TP+ e"(g’mn*(n—m)?+(1+n?)?x) L (39 052 0525 053 (utm)
4n%(1+n?) ' @
For a film thicknessi>d., where the critical thickness, is A%
obtained from the conditiom?+ «x=1 [see Eq.(39)], the 300 L
transmittance decays exponentially with increasing
The resonance transmittan@e, in Eq. (38) depends on 200 |
n, and it reaches its maximum, as a functionnpfat n=n*
=1.78. Forn=n*, T, takes the following simple form 10.0
Tee=1/(1+12.4¢/g%)?. It is interesting to note that the . . N
value of the optimal “refractive indexh* depends neither 052 0525 053 (um)
on the film nodulationg nor on lossesk. Actually, n* ®)
fir:-]sm is a constant, which is the same for different metal FIG. 3. Transmittancéa) and absorptancé) for a modulated

silver film; the film thickness isl=0.12 uwm, and the modulation is

The resonant transmittance is accompanied by large i”teEﬂven byg=0.2.

nal fields due to the excitation of SPPs. These fi¢dsich
will be discussed in more detail in Sec.)llre in charge of . 2 .
the anomalous light absorption em(@)=2p—(wp/o)/[1tio. o], (41)
in silver; this formula well approximates the known experi-

2(m+n)%(1+n?)2k mental data(see, e.g., Ref. J1for wavelengths larger than

Ares™ 1= Tres™ Ries™ A>0.4 um. We use the following values for the constants in

2 4
g mn the Drude formulaz,=5 for the interband transition contri-
m+m2(1+n2)2xk) 2 bution, w,=9.1eV for the plasma frequency, and,
x| 1+ ( A Sx , (40) =0.021 eV for the relaxation frequenéyn the absence of
g’mn’ modulation, the film acts as an almost perfect mirror, with

-~ reflectanceR=99% and transmittanc€<0.02%. The situ-
that occurs at the resonan&=A, ,, see Eq(37)], when  ation changes dramatically when the dielectric constant of
the film becomes semitransparent. It follows from HG2)—  the film is modulated. For the spatial period of the modula-
(39) that for the optimal value™ =1.78 the absorptand®.s  tjon a=27/q=0.5 um, we obtain, from a direct solution to
is given byA .= (x/g?)/(0.2+2.5¢/g?)? and it depends on Eq, (24, that the absorptance equals almost 30% at the reso-
the ratio of the loss factor and the Squal’e of the film modu- nant Wave'ength}\:o_f)s pum; the transmittance also in-
lation, g*. As a function of the ratioc/g?, the absorptance creases by two orders of magnitude and readhed %. The
Ares reaches the maximum,,=1/2 for the modulatiory  apsorptance and transmittance have a double-peak structure
=3.53/k. The magnitude of the anomalous absorptanceorresponding to the excitation of symmetric and antisym-
Amax=1/2 remains the same, even when losses in the metghetric SPPs.
vanish, i.e., whenc—0. In this case, the amplitudes of the  For real metal films, the transmittance typically increases
EM fields increase up to infinity and, as a result, the absorpwhen losses decrease, as follows from B®). Let us con-
tance remains finite despite— 0. It is not surprising that the sider a silver film of highlatomig quality at cryogenic tem-
anomalous absorption for almost lossless films~0) re-  peratures, such that the electron mean-free pass is restricted
quires that the modulatiog also vanishesy=3.53,/xk—0; by the film thickness itself. The resonant transmittance and
this is because the radiative damping of SPPs, which is praabsorptance for such a film with thickneds-0.18 um are
portional to the modulatiomy, should decrease with a de- shown in Figs. 4a) and 4b), respectively. In calculations,
creasing loss factok, to keep the absorptance at the samewe assumed that loss facteris ten times smaller than that
level. in Fig. 3. We see that the resonant absorptance increases up

In Figs. 3a) and 3b) we show the transmittance and ab-to A~=40%, while the resonance transmittandg.s

sorptance for a rather thick silver film, with=0.12 um and ~ =10%. The width of the resonance shrinks+d.0 3 um.
the modulation given by Eq(6), with a spatial perioda Note that, without modulation, a film of such thickness has a
=0.5um. As seen in the figures, the transmittance and abtransmittancel <10 3% for the wavelengtix>0.4 um, in
sorptance have resonances at the wavelength of an incidetfie optical and infrared spectral ranges. Therefore the trans-
wave A\=0.53 um. In the following estimates we use the mittance increases by four orders of magnitude due to the
Drude approximation for the dielectric constant, SSP excitation.
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T% T%
100 |
10.0 | Y
|
50 | sol |
|
- - — A(um) ' '
0.526 0.527 0.528 | | , *
@ I
0 0.005 0.01
A%
FIG. 5. Transmittance through a “nonlinear” silver film as a
500 function of the dimensionless light intensity; the film thickness is
d=0.17 um, and the “seed” modulation is given hy=10"2.
250 | (see, e.g., Ref. J2We substitute the electric field inside
the film given by Eqs(13) and(14) into the equation for the
. . A(um) electric displacemerid, and obtain that the nonlinear dielec-
o) 0.526 0.527 0.528 tric constant is equal to
e=—-n?%1+g;(E)cosqx] %, (42)

FIG. 4. Transmittancéa) and absorptancg) for a “cryogenic”
silver film; the film thickness isl=0.17 um, and the modulation is whereg; is the induced modulation:
g=0.1.

24
lll. LIGHT-INDUCED AND LIGHT-CONTROLLED gi=g+ — xPReE*Ey). 43)
RESONANT TRANSMITTANCE n

In the consideration above, the film's modulation wasEquation(42) is similar to Eq.(6), but the film modulation
supposed to be somehow fabricated. We now consider thdepends now on the internal electric field.
case of nonlinear films, when the film’s modulation can be We restrict our consideration to the nonlinearity effect on
induced and controlled by the light itself through, for ex- the film modulation and neglect, for simplicity, small nonlin-
ample, the Kerr optical nonlinearity. We first assume that theear corrections in the numerator of Eg2). To further sim-
dielectric constant of a film has a small “seed” modulation plify the consideration, we replace the field term ReE,)
given by Eq.(6), where the amplitude of the modulatign in Eq. (43) by its average over the film thickness
<1, and find how the modulation increases due to the non¢Re(E*E,)). We use the average because the fundamental
linearity of the film. field, as well as the SSP, in the resonance, have nearly the
Exactly at resonance, the transmitted intensjty Tl is  same amplitudes on both interfaces of the film. Exactly in the
of the same order of magnitude as the intensity of the inciresonance, i.e., wheuT;:le [see Eq.(37)], the term
dent wave) ,=(c/87)|Eq|?, whereE, is the electric field in (Re(E*E,)) acquires the form
the incident wave. The transmitted wave is generated by the
SPP, which propagates on the ba@utpu) interface ¢ . 327 (2n*+m(1+n?))
—d/2); this occurs because the SPP interacts with the film's ~ (REE*Eq)res=—— i Tredo,  (44)
modulationg and converts back to the light, which emits 9
from the film. The amplitude of such conversion is propor-wherel is the instantaneous intensity of the incident light,
tional to the film modulatiory. Therefore, the SPP intensity T, is the resonant transmittance given by E2g), param-
qulqu2 can be estimated from the equatib(ﬂ~gzlq, as etermis given by Eq(23), andd andk are the film thickness
Iq~|t/gz~|0/g2>|0. At the front (input) interface and wave vector of the incident wave, respectively.
(z=—d/2), the SPP amplitude is of the same order of mag- It follows from Eqgs.(43) and (44) that the SPP field in-
nitude, as pointed out in the discussion following Eg). duces, via the Kerr optical nonlinearity, the refractive-index
The electric fieldg, of the SPP is spatiality modulated, with modulationg; . The induced modulation, in turn, increases
a resonant wave vectdq,=q. Note that the enhanced field the transmittance and, therefore, the SPP amplitude. This
E, is responsible for the anomalous resonance absorptiopositive feedback may eventually result in a bistability phe-
which could be many orders of magnitude larger than thenomenon, as shown in Fig. 5.
absorption in flat metal filmgsee Figs. @) and 4b)]. We substitute Eq9:38) and(44) into Eq. (43) and obtain
Since the electric fielcE, of the SSP is strongly en- an equation for the induced refractive-index modulation,
hanced, it makes sense to take into account a possible non-
linearity in the optical response of a metal film. To be spe- g?(2n3+(1+n2)m)
cific, we consider the Kerr optical nonlinearity. We assume gi=g+
that the electric displacemerd;, in the film equalsD dkn? gi2
=enE+ 127 ®E|E|?, wherex® is the Kerr susceptibility

+(1+n2)2(n+m)2K 2% (49

n*m
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which holds in the resonance, Wh&W:Zl,z [see Eq.(37)]. manifest the optical bistability phenomenon. Films with such
Here we introduce the dimensionless intensity of the inciden@ bistable behavior in the resonant transmittance can be used,
light, 1* =384mx®1,/c. Now we solve Eq(45) with the  for example, as optical switches.
same parametersandx as we used to obtain Fig. 4; thuswe  Our results are in good qualitative agreement with recent
find the light-induced modulatiofas a function of dimen- experiment$?® where the transmittance through a thin modu-
sionless intensity* ), which allows us to calculate the trans- lated silver film was investigated. In this experiment the film
mittance shown in Fig. 5. was deposited on a quartz substrate, in contrast to a free-
When the dimensionless intensifyy of the incident wave standing film studied in the present paper. Therefore, a direct
becomes larger thalf =6x 103, the transmittance jumps comparison of our theory and experiments of Ref. 69 is dif-
from a nearly zero value up =1, i.e., the film suddenly ficult. Yet we can speculate that if the film thickness used in
becomes transparerisee Fig. 5. If we now decrease the the experiments of Ref. 69 was larger; then, even a stronger
intensity of the incident wave, the film still remains transpar-enhancement of the transmittance could be obtained, pro-
ent, even forl* <% : this is because the SPP has been alvided that the conditions for the resonant excitation of SPPs
ready excited in the film. The transmittance decreases steepWyere fulfilled.
for 1* ~103<I% . Thus the optical bistability phenomenon  Results of this paper are also similar, to some extent, to
occurs in the modulated metal film. those obtained in Ref. 15 for the extraordinary optical trans-

It is well known that the susceptibility® is rather large ~ Mittance through a square array of subwavelength holes
for noble metalsy®>10"8 esu(see, for example, Ref. 73 punched in a metal film. The transmittance calculated in Ref.
and references therginso that the intensity, required for 15 for a lossless film has a resonance behavior with two
the bistability can be easily achieved with conventional la-8Symmetric maxima. In the maximum, the transmittance
sers.[Note that the upper curve in Fig. 5 should be consid-"éaches one, i.e., the film becomes transparent at this point.

ered as an extrapolation since we restricted the expansion &€ maxima merge together with increasing the film thick-
the nonlinear dielectric constas(|E|?) in the series over NESS SO that only one maximum remains for the thickness,

|E|2 to the first two terms only which is approximately twice as large as the diameter of a

We also note that the seed modulatipoan be created by hole. This maximum transmittance decreases in absolute
two (four) additional, control laser beams, which are incidentValué with a further increase of the film thickness. This is
on the front surfacéfront and back surfacesrom different similar to the behavior of the transmittance, as a function of

sides with respect to the normal. The interfering beams thefilm’s thickness, obtained in the present paper. The similarity
would result(through the optical nonlinearityin the film looks even more remarkable when we take into account that

modulation; these “gate” beams can control the transmit-the investigated systems are quite different. Thus the authors

tance of the fundamental beam, propagating normal to th&f Ref. 15 calculated the transmittance for the film, which is
film. To provide a modulation in the refractive index one can/mpenetrable for electromagnetic waves. Therefore, the SPPs

also use a thin layer of highly nonline@tielectrio material excited on both(front and back interfaces of the film are

placed on top of the metal film. For example, photorefractiveconnected through holes only. In contrast, we consider the
quantum-well structuredsee, e.g., Ref. 74 which are extraordinary transmittance due to the tunneling of SPPs

known to produce large refractive-index grating at very lowthroughout a modulated metal film. Therefore, it is not sur-
intensities(below 1 mW, can be used for this purpose. In Prising that the EM field distributions are indeed different for
this case, the required modulation at the metal-dielectric inth€ two systems. In our modulated film the local field is

terface can be accomplished at very low light intensities. ~E+ Eqcosi/a), wherea s the period of modulation, while
in the system considered in Ref. 15 the em field concentrates

at the rims of the holes, as shown in computer simulatfdns.
The tunneling of SPPs, through the deep grooves made on
both interfaces of the metal film, was considered in computer
In summary, in this paper we show that the excitation ofsimulations of Ref. 57. A typical double peak resonance was
surface plasmon-polaritons in modulated metal films can reebtained in the transmittance. Again, the transmittance
sult in an enhanced resonant transmittance, so that an opthaxima merge when the distance between the bottoms of the
cally thick film can become semitransparent. At resonancegrooves(in the front and back interfacescrease. When the
the transmittance can be increased by a factor 6f The  metal thickness between the grooves exceeds the depth of a
maximum in the transmittance has a characteristic doublegroove by three times, the extraordinary transmittance van-
peak structure due to the splitting of SPPs into symmetriéshes. For this system, as in the case of holes, the local field
and antisymmetric modes. The resonant transmittance ins highly nonuniform in the plane of the film, when the reso-
creases with a decrease of losses in the system, which can bant transmittance occurs; specifically, the field concentrates
accomplished, for example, by cooling the film down to theinside deep grooves, in this case.
cryogenic temperature. In the resonance, the amplitude of the Thus we see that for three different physical systems the
SPP field can be larger than the amplitude of an incidentlependence of the extraordinary transmittance on the wave-
wave by several orders of magnitude. Then the optical nonlength and film thickness appears to be quite similar. We
linearity can become important and result in a significantspeculate that the explicit equations obtained in this paper
enhancement of the discussed effect. We predict that at sutapture important generic features of the extraordinary opti-
ficiently large intensities of an incident wave, the film cancal transmittance. Therefore, we believe that our analytical

IV. CONCLUSIONS AND DISCUSSION
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equations can be used for estimations of EOT in more comtraordinary optical transmittance considered in the literature
plicated systems, where analytical solutions are yet to bésee, e.g., Refs. 15, 57 and)éhat typically can be used
found. only as passive optical elements.

Finally, we would like to stress out one more distinct fea-
ture of the modulated films considered in this paper. The
modulation and, therefore, the extraordinary transmittance, ACKNOWLEDGMENTS
can be tuned dynamically using, for example, auxiliary light
beams and employing the optical nonlinearity of the film The authors are grateful to Dr. Yu. Nizienko for useful
material. Therefore, such films can be used as active opticaliscussions. This work was supported in part by NSF Award
elements, in contrast to most of other systems with the exNo. DMR-0121814.
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