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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

A flat metal surface is almost a perfect reflector for ele
tromagnetic waves in the visible region, and the applicat
of metal films as mirrors has a long history. In this paper
show that even a small periodic corrugation could mak
metal film semitransparent. A metal film becomes semitra
parent at resonant wavelengths, allowing the excitation
electromagnetic waves propagating on the surface of
film.

We begin our consideration with a flat metal surface.
the optical and infrared spectral ranges, the collective e
tation of the electron density coupled to the electromagn
field results in surface plasmon polaritons~SPPs! traveling
on the metal surface~see, e.g., Refs. 1–3!. The SPPs can be
excited when the real part of the metal permittivity,«m

5«m8 1 i«m9 , is negative,«m8 ,0, and losses are relativel
small, k5«m9 /u«m8 u!1, which is typical for metals in the
optical range. First, for simplicity, we setk50, and denote
the negative metal permittivity«m as 2n2, wheren is the
magnitude of the refractive index; the role of losses will
considered later.

At the metal-dielectric interface, the SPP is anH wave,
with the direction of the magnetic fieldH parallel to the
metal surface.1 In the direction perpendicular to the interfac
SPPs exponentially decay in both media. The relation
tween the frequencyv and wave vectorkp of SPP can be
found from the following consideration. We set the met
dielectric interface as thexy plane, and assume that the SP
propagates in thex direction, with the fieldH directed in the
y direction:H5$0,H,0%. For simplicity, we also assume tha
thez,0 half-space is a vacuum, with the dielectric const
«51, and neglect, as mentioned, losses for metal in thz
.0 half-space. We seek solutions for the magnetic fieldH in
the forms

H5H15H0exp~ ikpx1L0z!, L05Akp
22k2 for z,0,

H5H25H0exp~ ikpx2L1z!, L15Akp
21~kn!2
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for z.0,
~1!

wherek5v/c is the wave vector. Thus the boundary cond
tions, requiring that the tangential components of the m
netic field are continuous atz50, are satisfied:H1(x,z
50)5H2(x,z50). The electric fieldE, found from the
Maxwell equation curlH52 ik«E, with «51 for z,0 and
«5«m52n2 for z.0, has componentsEx and Ez . The
continuity requirement for the tangential componentEx re-
sults in the condition

]H1

]z
52

1

n2

]H2

]z
~2!

for z50. At n.1, this equation can be satisfied, and
yields the dispersion equation

kp5
kn

An221
~3!

for the wave vectorkp of the SPP.1 Note that, forn.1, the
wave vectorkp is real andkp.k, so that the field@see Eq.
~1!# decays exponentially in the metal and vacuum.

The componentEz ~perpendicular to the propagatio
plane! of the electric field in the SPP takes the followin
values on the metal interface:Ez is equal to Ez(20)
52(kp /k)H0exp(ikpx) in the vacuum side of the interfac
andEz(10)5(kp /n2k)H0exp(ikpx)ÞEz(20) in the opposite
~metal! side. The discontinuity in the electric field is due
the surface charge density

r~x!5
1

4p
@Ez~10!2Ez~20!#

5
~11n2!

4pnAn221
H0exp~ ikpx!, ~4!

which propagates together with the electric and magn
fields along the interface.

Thus the SPP is a wave that consists of an electromagn
field and surface charges coupled together. Since the
propagation includes a rearrangement of the electron den
©2003 The American Physical Society02-1
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it is not surprising that its speedcp5v/kp5 cAn221/n is
less than the speed of lightc. As a result, the SPP cannot b
excited by an external electromagnetic wave on a perfe
flat metal surface. When the refractive indexn approaches 1
from above~that is the metal dielectric constant«m→21
20), the SPP velocitycp vanishes, so that the SPP ‘‘stops
on the metal surface. In this case, the surface charge dive
as (n221)21/2; so does the normal component of the elect
field. This phenomenon is known as plasmon resonance
thin metal plate. We note that the SPPs can propagate
only on a metal surface but also on surfaces of artific
electromagnetic crystals, for example, wire-mesh crystal4–7

or specially organized metal-dielectric layers.8 This can oc-
cur because the real part of theeffectivedielectric constant
can be negative in these mesastructures. Such excitatio
SPPs was observed in two-dimensional superconduc
wire networks deposited onto a dielectric substrate.9

We now consider SPPs in a metal film with a finite thic
nessd placed in thez50 plane. There are two kinds of SPP
in a finite film that correspond to symmetric and antisymm
ric solutions to the Maxwell equations~with respect to the
reflection in the film’s principal planez50). Hereafter, we
still use the ‘‘refraction index’’ defined asn5A2«m8 and
neglect losses; it is also supposed thatn.1. We are inter-
ested in the case of a strong skin effect when exp(2dkn)
!1, so that the field decays exponentially in the film. The
by applying the same approach for a film of a finite thic
ness, we find that the propagation of SPPs is determine
the equation

k1,25kpF16
2n2

n421
exp~2dkpn!G , ~5!

where the wave vectorsk1 andk2 correspond to symmetric
and antisymmetric SPPs, respectively, andkp is defined by
Eq. ~3!. For further consideration it is important to note th
the symmetric and antisymmetric SPPs propagate on
sides of the film. Moreover, since both SPPs represent
eigenmodes of the film, the magnitudes of the electric a
magnetic fields are the same on the both interfaces. T
consideration holds for an arbitrarily thick film, although th
difference in speeds for the two SPPs becomes exponen
small for the optically thick filmsdkpn@1. The velocities of
symmetric and antisymmetric SPPs are both less than
speed of light, and these SPPs cannot be excited by an
ternal electromagnetic wave incident from a vacuum,
cause this would violate the momentum conservation.

The situation changes dramatically when the film is pe
odically modulated. In this case, the EM field inside the fi
is also modulated. When the spatial period of the modula
coincides with the wavelength of a SPP, it can be excited
an incident em wave. An example of such spatial modulat
is a square array of nanoholes punched in a film as in R
10–15. Another example of a regular modulation of the
fractive index~which we propose and study in this paper! is
the light-induced modulation in the refractive indexn, occur-
ring, for example, because of the optical Kerr nonlinearit

The problem of light interaction with periodically modu
lated metal surfaces and films has a long history, star
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with a discovery of the Wood anomalies. In 1902 Wo
reported16 that the reflection spectrum from a metal diffra
tion grating drastically changes at some frequencies, wh
are now known to correspond to the excitation of SPPs.17–19

Earlier experimental studies, as well as theories based on
perturbation approach, were reviewed in Ref. 2 The first fu
scale computer simulation of SPPs that propagate on a m
surface with sinusoidal and sawtooth profiles was perform
in Ref. 20. The grating amplitude in this work was relative
small, yet the authors obtained almost a flat dispersion cu
v(kp) for the SPP which, as we understand now, could in
cate an electromagnetic field concentration in the groov
The problem of the electromagnetic wave interaction w
corrugated metal surfaces was extensively studied in
‘‘microwave’’ literature. In particular, ribbed metal surface
and waveguides~called also septate waveguides! are shown
to support slow electromagnetic modes with the proper
similar to SPPs in optics.21–23 The possibility to decrease
losses in waveguides by corrugating their walls~gliding ef-
fect!, was also considered in Ref. 24~also see Refs. 25–27!.

Recently, a long-standing problem of the existence
modes localized in the subwavelength grooves has attra
a lot of attention~see, e.g., Refs. 28–37 and referenc
therein!. Experiments reported in37 show well-pronounced
minima in the specular reflection that can be explained
localization of SPPs in the groves, whose widths are m
smaller than the radiation wavelength. The plasmon local
tion could also occur in the intergrain gaps in metal films,
random metal-dielectric films, and in metal nanocavities,
reported in Refs. 38–40, and Ref. 41, respectively. In Ref.
it was predicted that, in the optical frequency range, the lo
magnetic fields can also be strongly enhanced, along with
electrical fields, in a random array of nanoparticles. It
worth mentioning that the electric and magnetic fields
typically localized in different places of the array. The exc
tation of SPPs in a long chain of gold nanoparticles w
observed in Ref. 43. It is interesting to note that the plasm
excitations were localized in the interparticle gaps in t
experiment; this is in contrast with the case of a single p
ticle, where the electric field associated with the plasm
mode has a maximum in the particle. Localization of SPPs
a subwavelength cavity was observed in near-fi
experiments44 ~also see Ref. 45 and references therein!; the
waveguiding of SPPs in an array of metal nanostructures
investigated in Ref. 46.

The electromagnetic surface-plasmon resonances attra
a great deal of attention because the enhanced local fi
associated with these resonances play an important rol
the surface-enhanced Raman scattering and nonlinear op
processes on rough metal surfaces and semicontinuous m
films ~see, e.g., Ref. 31 and 7!. Another motivation for study-
ing the electromagnetic properties of nanosized feature
the possibility to use them for a near-field superresolut
readout of the optical disks and subwavelength lithograp
~see, e.g., Refs. 47–49!.

The growing interest in the subwavelength optics of me
films was further boosted by Ebbesen, Lezec, Ghaemi, T
and Wolff when they discovered the extraordinary optic
transmission through nanohole arrays in optically thick me
2-2
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films.10–15A review of earlier studies of light interaction wit
subwavelength holes can be found in Ref. 50. The possib
that an opaque metallic film can be transparent, provided
an incident electromagnetic wave excites the coupled sur
plasmons, was demonstrated in early work in Ref. 51.~It is
worth noting that in the beginning of the last century Lo
Rayleigh pointed out that a flat rigid surface with cylindric
holes can have acoustic resonances at some special dep
the holes.52!

The electromagnetic field in subwavelength hol
grooves, or slits in a metal film was simulated in many co
puter experiments after discovering the extraordinary opt
transmittance~see, e.g., Refs. 50 and 53–62!. In nearly all
simulations, the local electromagnetic~EM! field is strongly
enhanced in subwavelength apertures, for certain frequ
cies. This enhancement is considered to be the reason fo
enhanced resonant transmittance. Yet distributions for the
cal EM fields are rather different in simulations perform
by different authors. Thus the resonant field concentrates
actly inside deep grooves and slits, according to simulati
of Refs. 31,34,36,56 and 57; on the other hand, simulati
in Refs. 33 and 53 predict that the resonant field is stron
enhanced in a close vicinity of but outside the subwavelen
grooves. According to Ref. 54, the field is concentrated
deep slits but distributed all over the film for more shallo
slits. Simulations of Refs. 59 and 62 predicted that the E
field is localized at the edges of subwavelength holes, in
case of the extraordinary optical transmittance. Compu
simulations in Ref. 50 predicted a rather broad maximum
the local-field intensity that centers at a nanohole but exte
over distances much greater than the hole diameter. Acc
ing to Ref. 55, where a so-called dynamic diffraction w
studied in computer simulations for thin metallic grating
the local magnetic field is strongly enhanced in some regi
outside slits in a metal film; in the slits themselves, the lo
field has a clear minimum, according to these calculatio
Also note that it was stressed in Ref. 55 that the field max
obtained are different from the SPP. An Analysis of Ebbe
and co-workers experiments10–15 was performed in Ref. 66
in terms of the diffraction theory, and it also did not invok
the SPP excitation. In the near-field experiments of Ref.
the EM field intensity~at l50.9m m) was measured aroun
a single nanohole and a pair of nanoholes, having a diam
a50.3mm and separated by a 2-mm distance from each
other. For a single hole, the field was concentrated inside
hole, whereas for the pair of holes a well-defined trace of
EM field was observed between the holes, which was in
preted as a SPP.

Here we also mention a theory of the extraordinary op
cal transmittance presented in Ref. 15. This theory consi
SPPs on both sides of an optically thick metal film, whi
are connected through the evanescent modes in the n
holes treated as subwavelength waveguides. The th
qualitatively reproduces the long-wave peak in the extrao
nary optical transmittance obtained in one of the Ebbe
et al.’s experiments.14 The theory of Ref. 15 also predicte
that the transmittance of a thin lossless metal film has
asymmetric maxima that merge together with an increas
the film thickness; eventually, there is a single peak that
19540
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comes progressively smaller with a further increase of
film thickness. Results of the present paper are is in qua
tive agreement with this behavior of the transmittance.

Yet another theory for light transmission through a su
wavelength periodic hole array was developed in Ref.
This theory also attributed the resonant transmittance to
coupling of SPPs through the nanoholes; it predicted that
coupling exists only for a metal with a finite conductivit
Therefore, according to theory,58 the transmittance should
vanish when all parameters of the system are fixed and
metal conductivity goes to infinity. This result is in contr
diction with results of theory.15

Theories of Refs. 15 and 58 not only contradict one a
other, they both disagree with recent computer simulati
and qualitative considerations performed in Refs. 60 and
~where the extraordinary transmittance through a period
array of subwavelength slits was considered!. The authors of
Refs. 60 and 61 attributed the transmittance to theinternal
plasmon modes of the slits, and arrived at the conclusion
the SPP excitation ‘‘is not the prime mechanism respons
for the extraordinary transmission of subwavelength meta
gratings with very narrow slits.’’ Moreover, according t
Refs. 60 and 61, the SPP may play a negative role in
transmission at some special conditions.

In Refs. 42 and 63 it was concluded that the extraordin
transmittance could result from the excitation of intern
modes in holes punched in a metal film. Then this eff
would not depend on the periodicity of the hole array. Ho
ever, the radiative dumping of the internal modes was
taken into account in this consideration. The light emiss
and the excitation of SPPs can damp the resonances o
internal modes. Therefore, results of Refs. 42 and 63 for
transmittance through randomly distributed holes should
considered as the upper limit. Note that in a regular array
holes, the emission of SPPs can be a reversible process
SPPs can be converted back to the internal modes, when
proper phase conditions are fulfilled. The importance of
SPP excitation around a hole was demonstrated in re
experiments,64,65 where the light transmittance through
hole surrounded by a system of periodic ring grooves w
investigated. When the period of these rings is approxima
equal to the wavelength of SPP, the electric field in a vicin
of the hole increases significantly. We speculate that the
tem of ring grooves operates as a band-gap material for
SPP radiated from the hole. The rings effectively confine
SPP near the hole. This confinement results in an enha
ment of the light transmittance through the hole by mo
than an order of magnitude in comparison with a ‘‘bar
hole.64 It is interesting to note that direct experiment
measurements65 show that, at resonance, the local EM fie
concentrates in a close proximity to the hole when it is s
rounded by the system of rings.

As mentioned above, Ref. 42 considered the transmitta
in a system of holes punched in an otherwise impenetra
light film. In Ref. 42, we also reported preliminary results f
the extraordinary transmittance though a metal film with
periodically modulated refractive index. In this case, the
hancement in the transmittance was attributed to the exc
tion of SPPs that propagate on both interfaces of the film
2-3
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Among most recent publications describing a syst
similar, to some extent, to that considered in the present
per, we mention computer simulations of Refs. 57 and
The authors considered an optically thick metal film with
periodical set of symmetric conical57 and sinusoidal68

grooves on both side of the film. The grooves were place
such a way that their bottoms were opposite to each othe~in
Ref. 68, the gratings on the two sides shifted for a half per
with respect to each other were also considered!. At certain
frequencies, the electromagnetic wave incident on the
causes the resonant enhancement for the field inside
grooves. The excitation, which the authors of Ref. 57 trea
as standing~localized! SPPs, tunnels through the metal fil
from the bottom of the illuminated grooves to the oppos
side of the film and excites there the standing SPPs. T
resonance transmittance through the otherwise optic
thick metal film can occur. The transmittance vanishes ex
nentially fast when the distance between the bottoms of
grooves in the metal film exceeds 100 nm. Although res
of simulations in Refs. 57 and 68 gave a qualitatively simi
physical picture, the actual transmittance spectra obtained
rather different. In Ref. 57 a double-peak maximum in t
transmittance was predicted for a sufficiently small dista
between the grooves on the two sides, whereas simulat
of Ref. 68 predicted one maximum in the transmittance, e
when the bottoms of the grooves touch each other. Exp
ments performed in Ref. 68 for corrugated gold films a
showed only one maximum in the transmittance.

Finally, we mention experimental results by Schroter a
Heitmann69 and their computer simulations. The authors
vestigated the optical transmittance and reflectance fo
modulated silver film with the average thickness 50 nm a
a modulation amplitude of 30–35 nm. The transmittance~re-
flectance! observed has a double-peak maximum~minimum!
structure corresponding to the excitation of the SPP on
surface of the film. We note that theoretical results repor
in the present paper are in good qualitative agreement
experiments of Ref. 69.

In this extended literature survey, we did not try to an
lyze all numerous papers considering the exciting phen
enon of the extraordinary optical transmittance. Still, it c
be concluded from the examples presented above that t
is as yet no generally accepted quantitative theory for
important phenomenon. Therefore, a simple model, wh
~a! reproduces main features of the extraordinary transm
tance and~b! provides us with an explicit analytical solution
can serve as a starting point in considering behaviors of m
complicated systems. In this paper, we suggest such a m
and find its analytical solution. The obtained extraordina
transmittance has a behavior, which is in qualitative agr
ment with results of Refs. 15 and 57.

In our paper, we adopt an approach where the film mo
lation is assumed to be small. This approach allows us
develop ananalytical theory for the extraordinary optica
transmittance that has certain advantages over nume
simulations because of its generic nature. A detailed anal
performed allows us to find the resonance conditions un
which a modulated film becomes semitransparent. We
extend our consideration to the case when nonlinear op
19540
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effects are essential. Specifically, we consider a depend
of the metal dielectric function on the intensity of the SP
~which is strongly enhanced in the resonance! so that the SPP
can further increase an initial~‘‘seed’’! modulation in the
film’s refractive index and by this means the film transm
tance. We also suggest the possibility of thelight-induced
extraordinary optical transmittance through a thick me
film.

When considering the transmittance we suppose, for s
plicity, that the electromagnetic wave is incident normally
the film, as sketched in Fig. 1. The refractive index of t
film is spatially profiled, with the perioda52p/q, whereq
is the spatial wave vector of the film modulation. The mod
lation can be either prefabricated or induced by the imping
light due to the optical nonlinearity in the film materia
When the frequency of an incident wave is such that S
wavelengthsl1,252p/k1,2 @wherek1,2 are given by Eq.~5!#
coincide with the period of the modulationa, the SPPs are
excited in the film. Since the film is optically thick the SPP
excited first on the front interface of the film. Yet, eventual
it ‘‘spreads’’ over the other side of the film, so that SPPs
both front and back interfaces of the film are eventually e
cited. There is a straightforward analogy between the t
SPPs on the opposite sides of the film, and two ident
coupled oscillators. The coupling between two oscillato
can be arbitrary weak; nevertheless, if we push the first
cillator then, in some time~which depends on the couplin
strength!, the second oscillator starts to oscillate with t
same amplitude as the first one. By the same token, the
SPPs on different sides of the film will eventually have t
same amplitude. When a SPP propagates on the back si
the film, it interacts with the film modulation and, as a resu
converts its energy back to the plane wave re-emitted fr
the film. Therefore, at the resonance, the film becomes
most transparent, regardless of its thickness; however,
width of the transmittance resonance shrinks when the
thicknessd increases.42 Note that in the speculations abov
the amplitudeg.Dn/n of the film modulation does not play

FIG. 1. Light incident on a modulated film. The light first ex
cites the surface plasmon-polariton~SPP! on the front interface of
the film, which then couples to the SPP on the back interface;
backside SPP is eventually converted into the transmitted light
2-4
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any role. The modulationg can be arbitrary small, yet th
SPPs are excited and the film may become transparent.

Moreover, we do not even need the presence of holes
the resonant transmittance to occur. The only thing neede
that both sides of a metal film are modulated with the sa
spatial period. The minimum of the modulation required
the extraordinary transmittance depends on losses in m
which can be relatively small~in particular, when the skin
effect is strong!. Note that the transmittance maxima ha
typically a double-peak structure corresponding to the e
tation of symmetric and antisymmetric SPPs. In the next t
sections we consider in detail a theory for the resonant l
transmittance through linear and nonlinear metal films.

II. RESONANT TRANSMITTANCE THROUGH
THIN FILMS

A periodical modulation in a film can be represented
the Fourier series. The resonant transmittance takes p
when the frequency of an incident wave is such that one
SPP wave vectorsk1,2 is equal to the wave vectorq of a
spatial harmonic of the decomposition. The resonance in
action of a SPP with theq-th spatial harmonic results in th
enhanced transmittance. Since other spatial harmonics ar
resonance, their amplitudes are small, so that we can
sider the interaction of the incident wave with the reson
spatial mode only. As mentioned, we suppose that the m
netic field H in the incident wave has only ay component
H5$0,H,0%, and consider the interaction of the incide
wave with a metal film having a dielectric constant that v
ies as«(r )52n2@11g cos(qx)#, where the amplitude of the
modulation is small,g!1 ~see Fig. 1!. In actual calculations
it is convenient to use a slightly different equation for t
modulated dielectric constant

«~r !52n2@12g cos~qx!#21, ~6!

which is equivalent with the one above provided thatg!1.
For a plane electromagnetic wave propagating normal to
film ~along thez axis!, the amplitude depends onz only. In
the course of the interaction with the film modulation@Eq.
~6!#, an electromagnetic harmonic is generated, which is p
portional to cos(qx). The amplitude of this harmonic is pro
portional to the small film modulationg. This harmonic, in
turn, also interacts with the film modulation and conve
into cos(2qx) harmonic, etc. In this cascade process,
whole spectrum of the electromagnetic waves is excited
the film, when the incident plane wave interacts with the fi
modulation. The amplitudes of the cos(2qx) harmonic are
proportional tog2; the cos(3qx) harmonics are proportiona
to g3, etc. The resonant transmittance occurs when th
harmonics are converted back to the plane wave transm
through the film. We are interested in the electromagn
harmonics that can be converted back to the plane wav
such a way that this optical process is proportional to
lowest possible order in the decomposition over the mod
tion g. Therefore, we restrict our consideration to the cos(qx)
harmonic and consider the magnetic field in the followi
form Hy(x,z)5H(z)1Hq(z)cos(qx), where H(z) and
Hq(z) are two unknown functions that determine the elect
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magnetic field inside and outside the film. Thus we negl
the generation of cos(lq) harmonics withl higher than one.

To find electricE and magneticH fields inside the film we
substitute the magnetic field

H5$0, H~z!1Hq~z!cosqx, 0% ~7!

and modulated dielectric constant@Eq. ~6!# in the Maxwell
equations, and equate the terms that have the same de
dence on the ‘‘x’’ coordinate.70 Neglecting the generation o
higher harmonics, we find a system of two differential equ
tions,

H~z!92~kn!2H~z!2
g

2
Hq~z!950,

Hq~z!92@~kn!21q2#Hq~z!2gH~z!950, ~8!

that determines the fields inside the film. The solution
these equations has the form

H H~z!

Hq~z!
J 5A sechS dkn

2 D @X1cosh~knzL1!

2X2 sinh~knzL1!#1B sechS dnq

2 D
3@Y1cosh~knzL2!2Y2 sinh~knzL2!#, ~9!

whereL1 andL2 are are dimensionless eigenvalues,

L15A22Q1q1
2

22g2
, L25A21Q1q1

2

22g2
, ~10!

Q5Aq1
412g2~11q1

2!, q15
q

kn
, ~11!

andA andB in Eq. ~9! are eigenvectors for Eqs.~8! that are
equal to

A55
Q1q1

22g2~11q1
2!

~22g2!q1
2

g
22Q1q1

2

~22g2!q1
2

6 , B55 2g
21Q1q1

2

2~22g2!q1
2

g21Q1q1
2

~22g2!q1
2

6 ,

~12!

with Q andq1 given by Eqs.~11!. The electric fieldE inside
the film is obtained by substituting the magnetic field giv
by Eqs.~7! and ~9! into Maxwell equations and neglectin
the spatial harmonics;cos(lqx) and ;sin(lqx) with l .1.
Then it acquires the following form:

EÄ$E~z!1Eq~z!cosqx, 0, Ez~z!sinqx%. ~13!

For further consideration, we need an explicit form ofE(z),
andEq(z), which is given by
2-5
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H E~z!

Eq~z!
J 5U•AL1sechS dkn

2 D @X1sinh~knzL1!

2X2cosh~knzL1!#1U•BL2sechS dnq

2 D
3@Y1sinh~knzL2!2Y2cosh~knzL2!#, ~14!

with the matrixU defined by

U5
i

n H 1 g/2

g 1 J , ~15!

and vectorsA andB given by Eq.~12!.
It follows from Eqs.~7!, ~9!, ~13!, and~14! that the fields

inside the film are fully determined by the two pairs of co
stants, namely,$X1 ,X2% and $Y1 ,Y2%. For a flat film, g
50, so that the eigenvaluesL1 andL2 in Eqs.~9! and~14!
are equal toL151 and L25(kn)21Ak2n21q2, while the
eigenvectorsA and B @see Eq.~12!#, and the matrixU @see
Eq. ~15!# acquire the following valuesA5$1,0%, B5$0,1%,
and U5 i $$1,0%,$0,1%%/n. Therefore, the constants$X1 ,X2%
in Eqs. ~9! and ~14! correspond to the fundamental bea
whereas the other two constants,$Y1 ,Y2%, describe the
cos(qx) mode.
s

19540
,

The magnetic field in the incident and reflected waves
be represented asH(z)5H0exp(ikz)1rH0exp(2ikz), z
<2d/2, whereH0 is the amplitude of the incident wave,r is
the reflection coefficient andR5ur u2 is the reflectance of the
film. The field in the transmitted wave has the formH(z)
5tH0exp(ikz), (z>d/2), whereT5utu2 is the transmittance
For the q mode we use the radiation boundary condition
namely, Hq(z)5Y3H0exp@2iAk22q2(z1d/2)#, for z
<2d/2, and Hq(z)5Y4H0exp@iAk22q2(z2d/2)# for z
>d/2, whereY3 andY4 are some constants. Note that for th
resonant transmittance the wave vectork is less than the
modulation vectorq, which is given by one of the two SP
wave vectorsk1,2.k, so that the fieldHq decays exponen
tially outside the film.

Thus we obtain that the electromagnetic field in the wh
space is completely determined by vectorX
5$X1 ,X2 ,X3 ,X4%, where we choose

X3[r exp~ ikd/2!, X4[t exp~ ikd/2!, ~16!

and vectorY5$Y1 ,Y2 ,Y3 ,Y4%. We set the amplitude of the
incident waveH05exp(ikd/2) so that the electric,Er f , and
magnetic,Hr f , fields before the film, take the following
forms
Er f 55
eik(z1d/2)2X3e2 ik(z1d/2)2Y3

Ak22q2

k
cos~qx!e2 iAk22q2(z1d/2)

0

2 iY3

q

k
sin~qx!e2 iAk22q2(z1d/2) 6 ,

Hr f 5H 0

eik(z1d/2)1X3e2 ik(z1d/2)1Y3 cos~qx!e2 iAk22q2(z1d/2)

0
J , z<2d/2. ~17!
of

-

ec-

i-
The electric fieldE and magnetic fieldH inside the film
(2d/2<z<d/2) are given by Eqs.~13!, and ~14!, and ~7!
and ~9!, respectively. The fields behind the film, i.e., tran
mitted fields, are equal to

Etr55
X4eik(z2d/2)1Y4

Ak22q2

k
cos~qx!eiAk22q2(z2d/2)

0

2 iY4

q

k
sin~qx!eiAk22q2(z2d/2) 6 ,

Htr5H 0

X4eik(z2d/2)1Y4 cos~qx!eiAk22q2(z2d/2)

0
J ,

z>d/2. ~18!
-

We now match thex ~y! component of the electric~mag-
netic! fields Er f (Hr f ) and the corresponding components
the inside fieldsE (H) at z52d/2. Then we equate the
terms with the same dependence on thex coordinate. Thus
we obtain four linear equations connectingX1 , X2 , Y1 , Y2,
andX3 , Y3. We repeat the matching for fieldsEtr , Htr and
E, H at the planez5d/2 and obtain other four linear equa
tions connecting, this time,X1 , X2 , Y1 , Y2, and X4 , Y4.
Thus the eight equations obtained for the components of v
tors X andY can be written in matrix form as

Ĥ•X1g Ĝ1•Y5Z, Ĥq•Y1g Ĝ2•X50, ~19!

where vectorZ is proportional to the amplitude of the inc
dent waveH0, which we chose above to be equal toH0
5exp(ikd/2) so that

Z5$1,1,0,0%; ~20!
2-6
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the matricesĤ, Ĥq , Ĝ1, andĜ2 are 434 matrices, whose
explicit forms will be discussed below. At this point we no
that all the matrices remain finite atg→0.

In the limit of vanishing modulationg the matrix Ĥ is
represented by

Ĥ55
1 tanhS dkn

2 D 21 0

2
i

n
tanhS dkn

2 D 2
i

n
1 0

1 2tanhS dkn

2 D 0 21

i

n
tanhS dkn

2 D 2
i

n
0 21

6 .

~21!

Wheng50, the first of Eqs.~19! reduces toĤ•X5Z and it
gives the well known results for the reflectance,R5uX3u2,
and for the transmittance,T5uX4u2, of uniform metal films,

R5U 11n2

m222in coth~dkn!
U2

,

T5U 2n

2n cosh~dkn!1 im2sinh~dkn!
U2

, ~22!

where

m5An221 ~23!

~see, e.g., Ref. 1!. Wheng50, the second of Eqs.~19! re-
duces toĤq

(0)(k)•Y50, whereĤq
(0)(k)5Ĥq(k, g50) and

we show explicitly the dependence of matrixĤq
(0) on the

wave vectork. The equationĤq
(0)(k)•Y50 has a nontrivial

solution when the determinant ofĤq
(0)(k) is zero. The con-

dition det@Ĥq
(0)(k)#50 gives the dispersion equationq(k)

for the SPP in a flat metal film that coincides with Eq.~5!.
For a nonzero film modulationg, the solution to Eqs.~19!

can be written in the following form

X5~Ĥ2g2 Ĝ1•Ĥq
21

•Ĝ2!21Z. ~24!

Although the second term in the brackets}g2 it cannot be
neglected, even forg→0; this is becauseĤq

21 is a singular
matrix which can be very large at the resonance. In the c
sidered case of a strong skin effect, whenz5exp(2dkn)
!1, the matrixĤq

21 can be written in the following form
19540
n-

Ĥq
215

1

D1 5
21 im 21 2 im

0 0 0 0

21 im 21 2 im

21 im 21 2 im
6

1
1

D2 5
0 0 0 0

21 im 1 im

21 im 1 im

1 2 im 21 2 im
6 1Ĥq,reg

21 ,

~25!

where

D1,25
2m~11n2!D

n
64z2

g2n2

2
, ~26!

D5k/q2m/n, z5exp~2dnq!. ~27!

EquationsD1,250 for the singularities of matrixĤq
21 coin-

cide with the dispersion equations~5! for the flat metal film
whereg50. Note, that Eq.~27! for the dimensionless detun
ing from the resonanceD can be written in the form

D5
a

l
2

An221

n
, ~28!

wherel is the wavelength of the incident light and,a is the
period of the film modulation.

Below we neglect, for simplicity, the regular partĤq,reg
21

of matrix Ĥq
21 since it is proportional tog2. We also neglect

terms proportional tog2 in matricesĤ, Ĝ1 and Ĝ2, so that
they are given by Eq.~21! and by the equations

Ĝ155
2n2/2 2n2/2 0 0

im/2 im/2 0 0

2n2/2 n2/2 0 0

2 im/2 im/2 0 0
6 ,

Ĝ255
m2 m2 0 0

2 in 2 in 0 0

m2 m2 0 0

in 2 in 0 0
6 , ~29!

wherem is given by Eq.~23!. Note that in derivation of Eqs
~29! we still suppose thatz!1.

Substitution the explicit forms of the vectorZ and ma-
trixes Ĥ, Ĥq

21 , Ĝ1, andĜ2, given by Eqs.~20!, ~21!, ~25!,
and~29! correspondingly, in Eq.~24! gives the vectorX and,
therefore, transmittanceT5uX3u2 and reflectanceR5uX4u2

of the film @see Eqs.~16!#.
To simplify consideration we neglect the off-resonant~di-

rect! transmittance;z2, i.e., we set tanh(dkn/2)51 in ma-
trix Ĥ @see Eq.~21!#. Thus we obtain simple formulas for th
resonant transmittance,
2-7
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T~D̃ !5
4g̃4

@~D̃21!21~ g̃21k̃ !2#@~D̃11!21~ g̃21k̃ !2#
,

~30!

the reflectance,

R~D̃ !5
~ g̃41D̃221!222~ g̃42D̃221!k̃21k̃4

@~D̃21!21~ g̃21k̃ !2#@~D̃11!21~ g̃21k̃ !2#
,

~31!

and the absorptance,

A~D̃ !512T~D̃ !2R~D̃ !

5
4g̃2k̃~11D̃21~ g̃21k̃ !2!

@~D̃21!21~ g̃21k̃ !2#@~D̃11!21~ g̃21k̃ !2#
.

~32!

The obtained quantities depend on the renormalized detu
from the SPP frequency,

D̃5g2
n~n2m!2~n1n312m!

8~11n2!z
2

D

z

m~11n2!

2n
, ~33!

the renormalized modulation,

g̃5
gnAm~n2m!

2A11n2Az
, ~34!

and the renormalized losses in the system,

k̃5
~11n2!k

4n2z
, ~35!

wherek5«m9 /u«mu and parametersm, D, andz are given by
Eqs.~23!, ~27!, and~28!. Note that in Eqs.~30!–~35! we do
take losses in the system into account, by writing the m
dielectric constant «m in the form «m
52n2(12 ik), where n is positive and larger than one
while k!1. Note also that the transmittanceT, reflectanceR,
and absorptanceA depend on the frequencyv of the incident
wave through the parameterD, which is proportional to the
detuningD}v2vp , wherevp5qcm/n. The frequencyvp
is the frequency at which the SPP~excited on a flat meta
surface! has a wave vectorkp5vp /c equal to the modula-
tion wave vectorq.

To analyze the resonant transmittance we first ignore,
simplicity, losses, i.e. we setk̃50 in Eq. ~30!, which then
simplifies to

T~D̃ !5
4g̃4

@~D̃21!21g̃4#@~D̃11!21g̃4#
. ~36!

For the renormalized film modulationg̃,1, as follows from
Eq. ~36!, the resonance transmittanceT(D̃) has two maxima
as a function of D̃, namely, T(D̃1)5T(D̃2)51 at D̃1,2

56A12g̃4. Therefore, a lossless, optically thick metal fil
becomes absolutely transparent at the resonance, regar
19540
ng

al

r

less

of its thickness. It is instructive to consider how the tran
mittance changes when the modulationg̃ increases. The dis

tance between the two maxima,D̃12D̃252A12g̃4, de-
creases with an increase of the amplitude of the renormal
modulationg̃. The film remains completely transparent e
actly at the resonances. Finally, wheng̃ becomes larger than
one, the two maxima merge together. Now the transmitta
has one maximum, with the amplitudeTm54g̃4/(11g̃4)2

,1 thatdecreasesat a further increase ofg̃ ~see Fig. 2!. This
result can be understood if we recall that the interaction w
the film modulation results in a radiation decay of SPP a
its conversion into plane-wave radiation. The radiative los
@term;g̃4 in the denominator of Eq.~36!# lead to the damp-
ing of SPPs. As a result, the resonant transmittance decre
with an increase of the renormalized modulationg̃.

Note that the renormalized modulationg̃, given by Eq.
~34!, exponentially increases with the film thicknessd,
namely,g̃;g exp(dnq/2). Therefore, as follows from discus
sion above, the transmittance maxima merge when the th
ness d increases. Whend becomes larger thand.dc
;2 ln(1/g)/(nq) there is only one maximum in the transmi
tance that decays exponentially with a further increase of
film thicknessd. This behavior of the resonance transm
tance as a function ofd is in qualitative agreement with
results of Refs. 15 and 57.

In a real metal film, losses decrease the resonant trans
tance. Yet the effect may remain rather profound. As follo
from Eq. ~30! the transmittance reaches its extremum wh
the renormalized detuningD̃ is equal to

D̃0,1,25$0,2A12~ g̃21k̃ !2,A12~ g̃21k̃ !2%. ~37!

Thus, for g̃21k̃,1, the transmittance has two maxima

D̃1,256A12(g̃21k̃)2, whereTres is given byTmax5g̃4/(g̃2

1k̃)2. By substituting in this equation the renormalize
modulation g̃ @given by Eq. ~34!# and the renormalized
lossesk̃ @Eq. ~35!#, we obtain an equation for the maximum
transmittance,

FIG. 2. Resonance transmittance as a function of the normal

detuningD̃ from the resonance; the different graphs correspond

different film modulationsg̃.
2-8
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Tres5S 11
~m1n!2~11n2!2k

g2mn4 D 22

, ~38!

which does not depend on the film thicknessd. Thus, in the
resonance, the metal film becomes semitransparent, eve
a rather large thickness, provided that

g̃21k̃5
ednq~g2mn4~n2m!21~11n2!2k!

4n2~11n2!
,1. ~39!

For a film thicknessd.dc , where the critical thicknessdc is
obtained from the conditiong̃21k̃51 @see Eq.~39!#, the
transmittance decays exponentially with increasingd.

The resonance transmittanceTres in Eq. ~38! depends on
n, and it reaches its maximum, as a function ofn, at n5n*
51.78. Forn5n* , Tmax takes the following simple form
Tres.1/(1112.4k/g2)2. It is interesting to note that the
value of the optimal ‘‘refractive index’’n* depends neithe
on the film nodulationg nor on lossesk. Actually, n*
51.78 is a constant, which is the same for different me
films.

The resonant transmittance is accompanied by large in
nal fields due to the excitation of SPPs. These fields~which
will be discussed in more detail in Sec. III! are in charge of
the anomalous light absorption

Ares512Tres2Rres5
2~m1n!2~11n2!2k

g2mn4

3S 11
~m1n!2~11n2!2k

g2mn4 D 22

, ~40!

that occurs at the resonance@D̃5D̃1,2, see Eq.~37!#, when
the film becomes semitransparent. It follows from Eqs.~32!–
~35! that for the optimal valuen* 51.78 the absorptanceAres
is given byAres.(k/g2)/(0.212.5k/g2)2 and it depends on
the ratio of the loss factork and the square of the film modu
lation, g2. As a function of the ratiok/g2, the absorptance
Ares reaches the maximumAmax51/2 for the modulationg
53.53Ak. The magnitude of the anomalous absorptan
Amax51/2 remains the same, even when losses in the m
vanish, i.e., whenk→0. In this case, the amplitudes of th
EM fields increase up to infinity and, as a result, the abso
tance remains finite despitek→0. It is not surprising that the
anomalous absorption for almost lossless films (k→0) re-
quires that the modulationg also vanishes,g53.53Ak→0;
this is because the radiative damping of SPPs, which is
portional to the modulationg, should decrease with a de
creasing loss factork, to keep the absorptance at the sa
level.

In Figs. 3~a! and 3~b! we show the transmittance and a
sorptance for a rather thick silver film, withd50.12mm and
the modulation given by Eq.~6!, with a spatial perioda
50.5 mm. As seen in the figures, the transmittance and
sorptance have resonances at the wavelength of an inc
wave l.0.53mm. In the following estimates we use th
Drude approximation for the dielectric constant,
19540
for
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«m~v!5«b2~vp /v!2/@11 ivt /v#, ~41!

in silver; this formula well approximates the known expe
mental data~see, e.g., Ref. 71! for wavelengths larger than
l.0.4 mm. We use the following values for the constants
the Drude formula:«b55 for the interband transition contri
bution, vp59.1 eV for the plasma frequency, andvt
50.021 eV for the relaxation frequency.7 In the absence of
modulation, the film acts as an almost perfect mirror, w
reflectanceR599% and transmittanceT,0.02%. The situ-
ation changes dramatically when the dielectric constan
the film is modulated. For the spatial period of the modu
tion a52p/q50.5 mm, we obtain, from a direct solution to
Eq. ~24!, that the absorptance equals almost 30% at the re
nant wavelengthl.0.53mm; the transmittance also in
creases by two orders of magnitude and reachesT.4%. The
absorptance and transmittance have a double-peak stru
corresponding to the excitation of symmetric and antisy
metric SPPs.

For real metal films, the transmittance typically increas
when losses decrease, as follows from Eq.~38!. Let us con-
sider a silver film of high~atomic! quality at cryogenic tem-
peratures, such that the electron mean-free pass is restr
by the film thickness itself. The resonant transmittance a
absorptance for such a film with thicknessd50.18mm are
shown in Figs. 4~a! and 4~b!, respectively. In calculations
we assumed that loss factork is ten times smaller than tha
in Fig. 3. We see that the resonant absorptance increase
to Ares540%, while the resonance transmittanceTres
*10%. The width of the resonance shrinks to;1023 mm.
Note that, without modulation, a film of such thickness ha
transmittanceT,1023% for the wavelengthl.0.4 mm, in
the optical and infrared spectral ranges. Therefore the tra
mittance increases by four orders of magnitude due to
SSP excitation.

FIG. 3. Transmittance~a! and absorptance~b! for a modulated
silver film; the film thickness isd50.12mm, and the modulation is
given byg50.2.
2-9
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III. LIGHT-INDUCED AND LIGHT-CONTROLLED
RESONANT TRANSMITTANCE

In the consideration above, the film’s modulation w
supposed to be somehow fabricated. We now consider
case of nonlinear films, when the film’s modulation can
induced and controlled by the light itself through, for e
ample, the Kerr optical nonlinearity. We first assume that
dielectric constant of a film has a small ‘‘seed’’ modulatio
given by Eq.~6!, where the amplitude of the modulationg
!1, and find how the modulation increases due to the n
linearity of the film.

Exactly at resonance, the transmitted intensityI t5TI0 is
of the same order of magnitude as the intensity of the in
dent wave,I 05(c/8p)uE0u2, whereE0 is the electric field in
the incident wave. The transmitted wave is generated by
SPP, which propagates on the back~output! interface (z
5d/2); this occurs because the SPP interacts with the fil
modulationg and converts back to the light, which emi
from the film. The amplitude of such conversion is prop
tional to the film modulationg. Therefore, the SPP intensit
I q[uEqu2 can be estimated from the equationI t;g2I q , as
I q;I t /g2;I 0 /g2@I 0. At the front ~input! interface
(z52d/2), the SPP amplitude is of the same order of m
nitude, as pointed out in the discussion following Eq.~5!.
The electric fieldEq of the SPP is spatiality modulated, wit
a resonant wave vectorkp5q. Note that the enhanced fiel
Eq is responsible for the anomalous resonance absorp
which could be many orders of magnitude larger than
absorption in flat metal films@see Figs. 3~b! and 4~b!#.

Since the electric fieldEq of the SSP is strongly en
hanced, it makes sense to take into account a possible
linearity in the optical response of a metal film. To be sp
cific, we consider the Kerr optical nonlinearity. We assu
that the electric displacementDin in the film equalsD
5«mE112px (3)EuEu2, wherex (3) is the Kerr susceptibility

FIG. 4. Transmittance~a! and absorptance~b! for a ‘‘cryogenic’’
silver film; the film thickness isd50.17mm, and the modulation is
g50.1.
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~see, e.g., Ref. 72!. We substitute the electric fieldE inside
the film given by Eqs.~13! and~14! into the equation for the
electric displacementD, and obtain that the nonlinear dielec
tric constant is equal to

«>2n2@11gi~E!cosqx#21, ~42!

wheregi is the induced modulation:

gi5g1
24p

n2
x (3)Re~E* Eq!. ~43!

Equation~42! is similar to Eq.~6!, but the film modulation
depends now on the internal electric field.

We restrict our consideration to the nonlinearity effect
the film modulation and neglect, for simplicity, small nonlin
ear corrections in the numerator of Eq.~42!. To further sim-
plify the consideration, we replace the field term Re(E* Eq)
in Eq. ~43! by its average over the film thicknes
^Re(E* Eq)&. We use the average because the fundame
field, as well as the SSP, in the resonance, have nearly
same amplitudes on both interfaces of the film. Exactly in
resonance, i.e., whenD̃5D̃1,2 @see Eq. ~37!#, the term
^Re(E* Eq)& acquires the form

^Re~E* Eq!& res5
32p

c

~2n31m~11n2!!

dgkn4
TresI 0 , ~44!

whereI 0 is the instantaneous intensity of the incident ligh
Tres is the resonant transmittance given by Eq.~38!, param-
eterm is given by Eq.~23!, andd andk are the film thickness
and wave vector of the incident wave, respectively.

It follows from Eqs.~43! and ~44! that the SPP field in-
duces, via the Kerr optical nonlinearity, the refractive-ind
modulationgi . The induced modulation, in turn, increas
the transmittance and, therefore, the SPP amplitude. T
positive feedback may eventually result in a bistability ph
nomenon, as shown in Fig. 5.

We substitute Eqs.~38! and~44! into Eq. ~43! and obtain
an equation for the induced refractive-index modulation,

gi5g1
gi

3~2n31~11n2!m!

dkn4S gi
21

~11n2!2~n1m!2k

n4m
D 2 I * , ~45!

FIG. 5. Transmittance through a ‘‘nonlinear’’ silver film as
function of the dimensionless light intensity; the film thickness
d50.17mm, and the ‘‘seed’’ modulation is given byg51022.
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which holds in the resonance, whenD̃5D̃1,2 @see Eq.~37!#.
Here we introduce the dimensionless intensity of the incid
light, I * 5384px (3)I 0 /c. Now we solve Eq.~45! with the
same parametersn andk as we used to obtain Fig. 4; thus w
find the light-induced modulation~as a function of dimen-
sionless intensityI * ), which allows us to calculate the tran
mittance shown in Fig. 5.

When the dimensionless intensifyI * of the incident wave
becomes larger thanI 1* .631023, the transmittance jump
from a nearly zero value up toT.1, i.e., the film suddenly
becomes transparent~see Fig. 5!. If we now decrease the
intensity of the incident wave, the film still remains transp
ent, even forI * ,I 1* ; this is because the SPP has been
ready excited in the film. The transmittance decreases ste
for I * ;1023,I 1* . Thus the optical bistability phenomeno
occurs in the modulated metal film.

It is well known that the susceptibilityx (3) is rather large
for noble metals,x (3).1028 esu~see, for example, Ref. 73
and references therein!, so that the intensityI 0 required for
the bistability can be easily achieved with conventional
sers.@Note that the upper curve in Fig. 5 should be cons
ered as an extrapolation since we restricted the expansio
the nonlinear dielectric constant«(uEu2) in the series over
uEu2 to the first two terms only#.

We also note that the seed modulationg can be created by
two ~four! additional, control laser beams, which are incide
on the front surface~front and back surfaces! from different
sides with respect to the normal. The interfering beams t
would result ~through the optical nonlinearity! in the film
modulation; these ‘‘gate’’ beams can control the transm
tance of the fundamental beam, propagating normal to
film. To provide a modulation in the refractive index one c
also use a thin layer of highly nonlinear~dielectric! material
placed on top of the metal film. For example, photorefract
quantum-well structures~see, e.g., Ref. 74!, which are
known to produce large refractive-index grating at very lo
intensities~below 1 mW!, can be used for this purpose.
this case, the required modulation at the metal-dielectric
terface can be accomplished at very low light intensities.

IV. CONCLUSIONS AND DISCUSSION

In summary, in this paper we show that the excitation
surface plasmon-polaritons in modulated metal films can
sult in an enhanced resonant transmittance, so that an
cally thick film can become semitransparent. At resonan
the transmittance can be increased by a factor of 104. The
maximum in the transmittance has a characteristic dou
peak structure due to the splitting of SPPs into symme
and antisymmetric modes. The resonant transmittance
creases with a decrease of losses in the system, which ca
accomplished, for example, by cooling the film down to t
cryogenic temperature. In the resonance, the amplitude o
SPP field can be larger than the amplitude of an incid
wave by several orders of magnitude. Then the optical n
linearity can become important and result in a signific
enhancement of the discussed effect. We predict that at
ficiently large intensities of an incident wave, the film c
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manifest the optical bistability phenomenon. Films with su
a bistable behavior in the resonant transmittance can be u
for example, as optical switches.

Our results are in good qualitative agreement with rec
experiments,69 where the transmittance through a thin mod
lated silver film was investigated. In this experiment the fi
was deposited on a quartz substrate, in contrast to a f
standing film studied in the present paper. Therefore, a di
comparison of our theory and experiments of Ref. 69 is d
ficult. Yet we can speculate that if the film thickness used
the experiments of Ref. 69 was larger; then, even a stron
enhancement of the transmittance could be obtained,
vided that the conditions for the resonant excitation of SP
were fulfilled.

Results of this paper are also similar, to some extent
those obtained in Ref. 15 for the extraordinary optical tra
mittance through a square array of subwavelength ho
punched in a metal film. The transmittance calculated in R
15 for a lossless film has a resonance behavior with
asymmetric maxima. In the maximum, the transmittan
reaches one, i.e., the film becomes transparent at this p
The maxima merge together with increasing the film thic
ness so that only one maximum remains for the thickne
which is approximately twice as large as the diameter o
hole. This maximum transmittance decreases in abso
value with a further increase of the film thickness. This
similar to the behavior of the transmittance, as a function
film’s thickness, obtained in the present paper. The simila
looks even more remarkable when we take into account
the investigated systems are quite different. Thus the aut
of Ref. 15 calculated the transmittance for the film, which
impenetrable for electromagnetic waves. Therefore, the S
excited on both~front and back! interfaces of the film are
connected through holes only. In contrast, we consider
extraordinary transmittance due to the tunneling of SP
throughout a modulated metal film. Therefore, it is not s
prising that the EM field distributions are indeed different f
the two systems. In our modulated film the local field
;E1Eqcos(x/a), wherea is the period of modulation, while
in the system considered in Ref. 15 the em field concentr
at the rims of the holes, as shown in computer simulation62

The tunneling of SPPs, through the deep grooves mad
both interfaces of the metal film, was considered in compu
simulations of Ref. 57. A typical double peak resonance w
obtained in the transmittance. Again, the transmittan
maxima merge when the distance between the bottoms o
grooves~in the front and back interfaces! increase. When the
metal thickness between the grooves exceeds the depth
groove by three times, the extraordinary transmittance v
ishes. For this system, as in the case of holes, the local
is highly nonuniform in the plane of the film, when the res
nant transmittance occurs; specifically, the field concentra
inside deep grooves, in this case.

Thus we see that for three different physical systems
dependence of the extraordinary transmittance on the w
length and film thickness appears to be quite similar.
speculate that the explicit equations obtained in this pa
capture important generic features of the extraordinary o
cal transmittance. Therefore, we believe that our analyt
2-11
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equations can be used for estimations of EOT in more c
plicated systems, where analytical solutions are yet to
found.

Finally, we would like to stress out one more distinct fe
ture of the modulated films considered in this paper. T
modulation and, therefore, the extraordinary transmittan
can be tuned dynamically using, for example, auxiliary lig
beams and employing the optical nonlinearity of the fi
material. Therefore, such films can be used as active op
elements, in contrast to most of other systems with the
ce

p

s

e

v.

le

lff

e

ec

en
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19540
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traordinary optical transmittance considered in the literat
~see, e.g., Refs. 15, 57 and 62! that typically can be used
only as passive optical elements.

ACKNOWLEDGMENTS

The authors are grateful to Dr. Yu. Nizienko for usef
discussions. This work was supported in part by NSF Aw
No. DMR-0121814.
ys.

n

ign

ot-

ys.

-

.R.

ez-

ys.

.
.M.

.C.
ev,

in,

ys.

.P.
1L.D. Landau, E.M. Lifshitz, and L.P. Pitaevskii,Electrodynamics
of Continuous Media, 2nd Ed.~Pergamon, Oxford, 1993! ~Prob-
lems for § 88!.

2H. Raether,Surface Plasmons on Smooth and Rough Surfa
and on Gratings~Springer-Verlag, Berlin, 1988!.

3V.D. Freilikher, E. Kanzieper, and A.A. Maradudin, Phys. Re
288, 127 ~1997!.

4D.F. Sievenpiper, M.E. Sickmiller, and E. Yablonovitch, Phy
Rev. Lett.76, 2480~1996!.

5J.B. Pendry, A.J. Holden, W.J. Stewart, and I. Youngs, Phys. R
Lett. 76, 4773~1996!.

6A.K. Sarychev, R.C. McPhedran, and V.M. Shalaev, Phys. Re
62, 8531~2000!.

7A.K. Sarychev and V.M. Shalaev, Phys. Rep.335, 275 ~2000!.
8D.F. Sievenpiper, E. Yablonovitch, J.N. Winn, S. Fan, P.R. Vil

neuve, and J.D. Joannopoulos, Phys. Rev. Lett.80, 2829~1998!.
9F. Parage, M.M. Doria, and O. Buisson, Phys. Rev. B58, R8921

~1998!.
10T.W. Ebbesen, H.J. Lezec, H.F. Ghaemi, T. Thio, and P.A. Wo

Nature~London! 391, 667 ~1998!.
11H.F. Ghaemi, T. Thio, D.E. Grupp, T.W. Ebbesen, and H.J. Lez

Phys. Rev. B58, 6779~1998!.
12T.J. Kim, T. Thio, T.W. Ebbesen, D.E. Grupp, and H.J. Lez

Opt. Lett.24, 256 ~1999!.
13T. Thio, H.F. Ghaemi, H.J. Lezec, P.A. Wolff, and T.W. Ebbes

J. Opt. Soc. Am. B16, 1743~1999!.
14D.E. Grupp, H.J. Lezec, T.W. Ebbesen, K.M. Pellerin, and

Thio, Appl. Phys. Lett.77, 1569~2000!.
15L. Martin-Moreno, F.J. Garcia-Vidal, H.J. Lezec, K.M. Pelleri

T. Thio, J.B. Pendry, and T.W. Ebbesen, Phys. Rev. Lett.86,
1114 ~2001!.

16R.W. Wood, Proc. R. Soc. London, Ser. A18, 269 ~1902!.
17V.M. Agranovich and D.L. Mills, Surface Polaritons~North-

Holland, Amsterdam, 1982!.
18Electromagnetic Surface Modes, edited by A.D. Boardman

~Wiley, New York, 1982!.
19Near-field Optics and Surface Plasmon Polaritons, edited by S.

Kawata~Springer, New York, 2001!.
20B. Laks, D.L. Mills, and A.A. Maradudin, Phys. Rev. B23, 4965

~1981!.
21S.F. Mahmoud,Electromagnetic Waveguides: Theory and App

cations~Peregrinus, London, 1991!.
22A.S. Ilyinsky, G.Ya. Slepyan, and A.Ya. Slepyan,Propagation,

Scattering, and Dissipation of Electromagnetic Waves~Peregri-
nus, London, 1993!.
s

.

.

v.

B

-

,

c,

,

,

.

23A.P. Hibbins, J.R. Sambles, and C.R. Lawrence, J. Appl. Ph
86, 1791~1999!.

24L.A. Vainshtein,The Theory of Diffraction and the Factorizatio
Method (Generalized Wiener-Hopf Technique)~Golem Press,
Boulder, CO, 1969!.

25R.A. Schill, Jr. and S.R. Seshadri, J. Appl. Phys.64, 6530~1988!;
65, 4420~1989!.

26Frequency Selective Surface and Grid Array, edited by T.K. Wu
~Wiley, New York, 1995!.

27B.A. Munk, Frequency Selective Surfaces. Theory and Des
~Wiley, New York 2000!.

28A. Wirgin and A.A. Maradudin, Phys. Rev. B31, 5573~1985!.
29S.R. Seshadri, J. Appl. Phys.57, 4874 ~1985!; 57, 5098 ~1985!;

58, 1733~1985!; 59, 1187~1986!; 60, 1514~1986!.
30W.L. Barnes, T.W. Preist, S.C. Kitson, J.R. Sambles, N.P.K. C

ter, and D.J. Nash, Phys. Rev. B51, 11 164~1995!.
31F.J. Garcia-Vidal and J.B. Pendry, Phys. Rev. Lett.77, 1163

~1996!.
32W.L. Barnes, T.W. Preist, S.C. Kitson, and J.R. Sambles, Ph

Rev. B54, 6227~1996!.
33A. Madrazo and M. Nieto-Vesperinas, Appl. Phys. Lett.70, 31

~1997!.
34R.A. Watts, T.W. Preist, and J.R. Sambles, Phys. Rev. Lett.79,

3978 ~1997!.
35A.A. Maradudin, A.V. Shchegrov, and T.A. Leskova, Opt. Com

mun.135, 352 ~1997!.
36M.B. Sobnack, W.C. Tan, N.P. Wanstall, T.W. Preist, and J

Sambles, Phys. Rev. Lett.80, 5667~1998!.
37T. Lopez-Rios, D. Mendoza, F.J. Garcia-Vidal, J. Sanch

Dehesa, and B. Pannetier, Phys. Rev. Lett.81, 665 ~1998!.
38F. Moresco, M. Rocca, T. Hildebrandt, and M. Henzler, Ph

Rev. Lett.83, 2238~1999!.
39S. Grésillon, L. Aigouy, A.C. Boccara, J.C. Rivoal, X. Quelin, C

Desmarest, P. Gadenne, V.A. Shubin, A.K. Sarychev, and V
Shalaev, Phys. Rev. Lett.82, 4520~1999!.

40S. Ducourtieux, V.A. Podolskiy, S. Gresillon, P. Gadenne, A
Boccara, J.C. Rivoal, W.A. Bragg, V.P. Safonov, V.P. Drach
Z.C. Ying, A.K. Sarychev, and V.M. Shalaev, Phys. Rev. B64,
165403~2001!.

41S. Coyle, M.C. Netti, J.J. Baumberg, M.A. Ghanem, P.R. Birk
P.N. Bartlett, and D.M. Whittaker, Phys. Rev. Lett.87, 176801
~2001!.

42V.A. Shubin, A.K. Sarychev, J.P. Clerc, and V.M. Shalaev, Ph
Rev. B62, 11 230~2000!.

43J.R. Krenn, A. Dereux, J.C. Weeber, E. Bourillot, Y. Lacroute, J
2-12



g

n

.
M

tt

B

v

.D

A.
t.

n-

A.

-

on

,

.

pt.

tt.

RESONANT TRANSMITTANCE THROUGH METAL FILMS . . . PHYSICAL REVIEW B 67, 195402 ~2003!
Goudonnet, G. Schider, W. Gotschy, A. Leitner, F.R. Aussene
and C. Girard, Phys. Rev. Lett.82, 2590~1999!.

44S.I. Bozhevolnyi and F.A. Pudonin, Phys. Rev. Lett.78, 2823
~1997!.

45S.I. Bozhevolnyi and V. Coello, Phys. Rev. B64, 115414~2001!.
46S.I. Bozhevolnyi, J. Erland, K. Leosson, P.M.W. Skovgaard, a

J.M. Hvam, Phys. Rev. Lett.86, 3008~2001!.
47J. Tominaga, J. Kim, H. Fuji, D. Buchel, T. Kikukawa, L. Men, H

Fukuda, A. Sato, T. Nakano, A. Tachibana, Y. Yamakawa,
Kumagai, T. Fukaya, and N. Atoda, Jpn. J. Appl. Phys.40, 1831
~2001!.

48C.B. Peng, Appl. Opt.40, 3922~2001!.
49J. Appl. Phys.41, 1632~2002!.
50R. Wannemacher, Opt. Commun.195, 195 ~2001!.
51R. Dragila, B. Luther-Davies, and S. Vukovic, Phys. Rev. Le

55, 1117~1985!.
52Lord Rayleigh, Philos. Mag.39, 225 ~1920!.
53U. Schroter and D. Heitmann, Phys. Rev. B58, 15 419~1998!.
54J.A. Porto, F.J. Garcia-Vidal, and J.B. Pendry, Phys. Rev. Lett.83,

2845 ~1999!.
55M.M.J. Treacy, Appl. Phys. Lett.75, 606 ~1999!.
56S. Astilean, Ph. Lalanne, and M. Palamaru, Opt. Commun.175,

265 ~2000!.
57W.C. Tan, T.W. Preist, and J.R. Sambles, Phys. Rev. B62, 11 134

~2000!.
58E. Popov, M. Nevie`re, S. Enoch, and R. Reinisch, Phys. Rev.

62, 16 100~2000!.
59L. Salomon, F. Grillot, A.V. Zayats, and F. Fornel, Phys. Re

Lett. 86, 1110~2001!.
60Ph. Lalanne, J.P. Hugonin, S. Astilean, M. Palamaru, and K

Moller, J. Opt. A, Pure Appl. Opt.2, 48 ~2000!.
19540
g,

d

.

.

.

.

61Q. Cao and Ph. Lalanne, Phys. Rev. Lett.88, 057403~2002!.
62A. Krishnan, T. Thio, T.J. Kim, H.J. Lezec, T.W. Ebbesen, P.

Wolff, J. Pendry, L. Martin-Moreno, and F.J. Garcia-Vidal, Op
Commun.200, 1 ~2001!.

63A.M. Dykhne, A.K. Sarychev, and A.M. Shalaev, IEEE J. Qua
tum Electron.38, 639 ~2002!.

64T. Thio, H.J. Lezec, T.W. Ebbesen, K.M. Pellerin, G.D. Lewen,
Nahata, and R.A. Linke, Nanotechnology13, 429 ~2002!.

65H.J. Lezec, A. Degiron, E. Devaux, R.A. Linke, L. Martin
Moreno, F.J. Garcia-Vidal, and T.W. Ebbesen, Science297, 820
~2002!.

66J.M. Vigoureux, Opt. Commun.198, 257 ~2001!.
67C. Sonnichsen, A.C. Duch, G. Steininger, M. Koch, G. v

Plessen, and J. Feldmann, Appl. Phys. Lett.76, 140 ~2000!.
68I. Avrutsky, Y. Zhao, and V. Kochergin, Opt. Lett.25, 595~2000!.
69U. Schroter and D. Heitmann, Phys. Rev. B60, 4992~1999!.
70Lord Rayleigh,The Theory of Sound, 2nd ed.~MacMillan, Lon-

don, 1896!.
71Handbook of Optical Constants of Solids, edited by E.D. Palik

~Academic, New York 1985!; P.B. Johnson and R.W. Christy
Phys. Rev. B6, 4370~1972!.

72R. W. Boyd,Nonlinear Optics~Academic, Boston 1992!.
73C. Flytzanis, inEncyclopedia of Applied Physics~VCH New

York, 1996!, p. 487; S. Debrus, J. Lafait, M. May, N. Pincon, D
Prot, C. Sella, and J. Venturini, J. Appl. Phys.88, 4469~2000!;
P.J. Bennett, V. Albanis, Y.P. Svirko, and N.I. Zheludev, O
Lett. 24, 1373 ~1999!; Hongru Ma, Rongfu Xiao, and Ping
Sheng, J. Opt. Soc. Am. B15, 1022 ~1998!; H.B. Liao, R.F.
Xiao, H. Wang, K.S. Wong, and G.K.L. Wong, Appl. Phys. Le
72, 1817~1998!.

74D.D. Nolte, J. Appl. Phys.85, 6259~1999!.
2-13


