
PHYSICAL REVIEW B 68, 205415 ~2003!
Three-dimensional theory on light-induced near-field dynamics in a metal film
with a periodic array of nanoholes

Roland Müller, Viktor Malyarchuk, and Christoph Lienau
Max-Born-Institut fu¨r Nichtlineare Optik und Kurzzeitspektroskopie, Max-Born-Strasse 2A, 12489 Berlin, Germany

~Received 9 May 2003; revised manuscript received 29 August 2003; published 18 November 2003!

We present a theoretical study of ultrafast light propagation through a periodic array of nanoapertures in an
optically thick metal film. Studying the propagation of 10-fs pulses shorter than the damping time of surface
plasmon excitations at the interfaces of the metal film, we find pronounced temporal oscillations in the
transmitted light. The oscillations reflect the coupling of surface plasmon polaritons at both interfaces via
photon tunneling through the nanohole channel. The diameter of the nanoholes is the main parameter govern-
ing the period and damping of these oscillations. Radiation damping of surface plasmon excitations through
scattering at the nanoholes is identified as an important damping mechanism. Our results give insight into the
physics of light transmission through nanohole gratings and clear guidelines for designing the optical proper-
ties of these nanostructures.
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I. INTRODUCTION

The interaction between light and metal films exhibiti
periodic spatial modulation on the subwavelength scale
attracted much attention in recent years. These studies
evidence for extraordinarily high light transmission1,2 and
suggest the existence of photonic energy band gaps~i.e., pro-
hibited propagation states for light within a specific fr
quency range! ~Refs. 1–6! in nanostructured metallic films
Both effects have been connected with surface plasmon
laritons ~SPP’s!, i.e., electromagnetic surface waves th
propagate along the interface between a metal an
dielectric.7–9 These waves are due to charge oscillations
the surface of the metal driven by the incident light. T
electromagnetic field and the associated charge oscillat
~surface plasmons! set up a coupled surface state, the S
characterized by a specific energy-momentum dispersion
lation.

In thin periodically corrugated metal films both band g
formation and enhanced light transmission are linked to
coupling between SPP waves at the top and bottom interf
of the film. Therefore, such gratings open up a possibility
study coupling effects between SPP waves on their top
bottom surfaces.10,11 Whereas in optically thick metal films
with a thickness much larger than the skin depth, SPP wa
at both interfaces do not interfere, SPP waves in thin fil
can generally not be considered as independent entities
constitute a pair of coupled oscillators with an energy sp
ting given by the coupling strength. The underlying phys
is similar to that of other coupled two-mode systems, e
two coupled mechanical pendulums or electron and h
states in semiconductor double-quantum-well nanostructu

Such coupling effects also occur inthick metal films with
periodic nanoaperture arrays, e.g., in one-dimensional
arrays ~lamellar transmission gratings! or in periodic
two-dimensional hole arrays ~crossed gratings o
‘‘bigratings’’ !.1,12,13Here the interaction between SPP mod
at both interfaces occurs via the coupling of light through
nanoapertures. This interaction between SPP waves is
0163-1829/2003/68~20!/205415~9!/$20.00 68 2054
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sumed to be the reason for the extraordinarily high transm
sion found by Ebbesenet al. in periodic subwavelength hole
arrays.1 The measured far-field transmission was much lar
than that expected from diffraction theory for an isolat
hole.1,14,15

As SPPs are surface waves, most of their energy is bo
in the electromagnetic near field, close to the metal/dielec
interface. This suggests that near-field scanning optical
croscopy~NSOM! is a particularly suitable tool for studying
SPP properties. In Ref. 16 light transmission through a g
film with periodic hole arrays was measured close to
metal surface employing a metal-coated fiber tip. In parti
lar, interference patterns of counterpropagating SPP wa
were observed along the polarization direction of the in
dent light field. Excitation of SPP waves was also studied
experiments probing transmission through single holes.17

The theoretical description of enhanced light transmiss
has attracted considerable attention over the last years. T
independent simulations of light transmission in meta
films with one-dimensional slits18–20 or periodic hole
arrays13,21–24 have been reported using different numeric
techniques. In addition to SPP waves at the top and bot
interfaces also modes inside the slits or cylindrical nanoh
channels can be excited.25 In one-dimensional gratings
propagating transverse electromagnetic~TEM! modes exist,
while in nanohole arrays with sufficiently small hole diam
eter, only exponentially damped light fields are present ins
the holes.21 For bigratings, adetailedtheoretical understand
ing of coupling effects between SPP waves on opposite
faces is still lacking. In particular, the time-dependent co
pling of SPP’s through nanoholes is still under mu
debate.15 A physical description of this process requires
time-dependent description of the energy transmiss
through the nanoapertures and its connection with ene
transport on the surfaces. To resolve these dynamic coup
effects we follow in this work an approach that is we
known from time-resolved quantum-beat spectroscopy. T
coupled system is impulsively excited by an ultrashort lig
pulse, shorter in duration than the relevant damping and c
pling times, and the subsequent light scattering dynam
©2003 The American Physical Society15-1
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MÜLLER, MALYARCHUK, AND LIENAU PHYSICAL REVIEW B 68, 205415 ~2003!
is investigated in fully three-dimensional finite-differen
time-domain simulations.

The aim of this paper is to study the intrinsic SPP co
pling mechanisms in a metallic film perforated wi
nanometer-sized holes that is impulsively excited with a fe
tosecond light pulse. Here, the carrier wavelength of
pulse is larger than the cutoff wavelength of the cylindric
hole channel. The dynamic linear response of the mate
polarization to the impulsive excitation is calculated insi
the nanoholes as well as in the immediate vicinity of t
metallic film, i.e., in the near-field region. A detailed descr
tion of the time-dependent interaction between plasm
induced surface waves and modes inside the holes is gi
Coupling between SPP excitation at both interfaces of
metal film is evidenced via pronounced temporal oscillatio
in the field intensity transmitted through the nanoholes.
find that the diameter of the nanoholes plays a key role
both the dynamics of the plasmon coupling as well as for
scattering of SPP excitations into far-field radiation. The s
tial dependence of the electromagnetic near-field profile
simulated, showing pronounced spatial interference of S
waves, in good agreement with recent experiments.16

II. THEORETICAL MODEL

In the following, we study light propagation through
freestandingsilver film of thicknessh5100 nm, perforated
with a periodic hole array of perioda05500 nm and hole
diametersd between 100 and 300 nm. The film is assumed
extend to infinity in thex and y directions. Anx-polarized
coherent plane wave, propagating in thez direction, illumi-
nates the metal film at normal incidence: see Fig. 1. T

FIG. 1. Schematic of a freestanding metal film, perforated w
an array of holes.a0 is the lattice constant,d the hole diameter, and
h the thickness of the film.~a! Cross section through the metal film
(x-z plane!. The input wave is polarized alongx and illuminates
the bottom metal surface at normal incidence.~b! Top view of the
metal film (x-y plane!.
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time-dependent intensity of the incident electric field is
Gaussian pulse of 10 fs full width at half maximu
~FWHM!.

Light propagation in the metal is described by Maxwel
equations, which are coupled to an equation for the lig
induced oscillations of quasifree electrons in the me
~Drude model!:

¹W 3EW 52m0

]HW

]t
, ~1a!

¹W 3HW 5«0

]EW

]t
1JW , ~1b!

]JW

]t
1gJW5«0vp

2EW , ~1c!

whereEW and HW are the electric and magnetic field vector
respectively, and¹W is the Nabla differential operator.JW is a
current density (A/cm2) corresponding to the time derivativ
JW5]PW /]t of the metal polarization.vp is the plasma fre-
quency of the metal andg denotes a damping rate characte
izing the Ohmic absorption losses that heat the metal.«0 and
m0 are the free-space permittivity and magnetic permeabi
In free space, around the metal film and in its air-filled hol
light propagation is described by Eqs.~1a! and ~1b! with JW
[0.

We take the following approximate expression for t
complex dielectric constant of the metal~see, e.g., Ref. 26!:

«1~v!512
vp

2

v21 igv
, ~2!

where \vp58.6 eV ~i.e., lp5144 nm), \g50.075 eV in
the present case of silver andv is the~circular! frequency of
light. In the energy range considered, the Drude mode
reasonably close to the experimental values for the dielec
function of silver.27 The use of such a semiclassical co
tinuum model@Eq. ~1c!# is justified, as the dimensions of th
nanostructures considered (;100 nm) are much larger tha
the electron mean free path inside the metal.

The time-dependent electric field and Poynting vector
side the metal as well as below and above it are numeric
calculated applying a three-dimensional~3D! finite-
difference time-domain code~FDTD! to Eqs.~1a!–~1c!; see,
e.g., Ref. 28. The respective space grid is composed
200 (x direction)3200 (y)3210 (z) cells with space incre-
mentsDx5Dy5Dz52.5 nm and a time increment ofDt
5431023 fs, corresponding to a computational workin
volume of 0.50mm30.50mm30.525mm of an array pe-
riod ~unit cell! around a single hole. Periodic boundary co
ditions are applied to the sides of the unit cell being para
to thex andy axes, whereas perfectly matched layer~PML!
conditions29 are applied to the top and bottom boundaries
the unit cell, i.e., free-space propagation of the light fie
above and below the metallic film. The numerical values
the parameters (h, a0, , d, and wavelengthl! used in this
paper are chosen similar to the experimental values, tak
5-2



h
or
ls

va

ai

al
es
-

gt
P

l
a-
rv

e

er

p
tic

n

ec

.

gy
i

he

rgy

om
ink,

-

oss

the

e,
of

c-
en
se.
m-

at
een

ron-
ing
h a

s.
w

the

e
-

d a
sity
llic
he

ve-
y
P

of

THREE-DIMENSIONAL THEORY ON LIGHT-INDUCED . . . PHYSICAL REVIEW B68, 205415 ~2003!
the limited resources of our workstation into account. T
stability of the calculations is limited to about 100 fs f
quasi-cw excitation and to more than 200 fs for short-pu
excitation.

Here we focus on calculations in the wavelength inter
between 510 and 560 nm, around the~1, 0! metal/air plas-
mon resonance atl res'522 nm, given by

l res>
a0

A111/«18
, ~3!

which follows from the SPP dispersion for a planar metal/
interface.8 «18'12(l res /lp)2 denotes the real part of«1

5«181 i«19 . Equation~3! includes no details about the spati
profile of the metal film such as width and depth of the hol
Thusl res is only an approximate value, which we find, how
ever, to be fairly accurate. Sincel res.a0 holds for the~1,0!
SPP resonance, only theT00 far-field diffraction mode of the
bigrating is excited in this wavelength interval.30

Another parameter of interest is the propagation len
Lsp51/2uksp,x9 u at which the intensity of a propagating SP
wave on aplanar metal/air interface decreases to 1/e, due to
energy absorption in the metal.8 From

Lsp
21>U v«19

c«18
2 S «18

«1811D 3/2U,
one obtainsLsp'27mm for silver atl res5522 nm~Ref. 8!.
This estimate ofLsp falls within the range of experimenta
values of 20–50mm for the SPP propagation length me
sured on a planar silver surface in the wavelength inte
from 500 to 600 nm~Ref. 31!. ksp,x5ksp,x8 1 iksp,x9 denotes
the component of the complex SPP wave vector along thx
axis. From Lsp527mm the damping timeTsp5Lsp /vph

'93 fs is deduced using the phase velocity vph5v/ksp,x8
'0.96c, whereksp,x8 52p/a0 . Below,Tsp will be compared
to SPP damping constants for propagation on surfaces p
rated with holes.

In the following we will present theoretical results for~i!
a continuous-wave input field and~ii ! for a femtosecond in-
put pulse. In both cases an incident optical plane wave
larized along thex axis is assumed. Its electric and magne
field strengths are given by the real functionsEx,in(z,t)
5Ain cos@vt2(2p/l)z# and Hy,in(z,t)5A«0 /m0Ex,in(z,t).
Here, v52pc/l and Ain is a Gaussian-shaped functio
Ain5A0 exp@22 ln 2$(t2t02z/c)/t0%

2#, whereA0 is the field
amplitude. The parameterst0530 fs andt0510 fs denote an
arbitrarily chosen delay time and the pulse width, resp
tively. Continuous-wave~steplike! excitation corresponds to
Ain5A0 exp@22 ln 2$(t2t02z/c)/t0%

2#, if t,t02z/c, and
Ain5A05const, if t>t02z/c. The results for cw illumina-
tion are used to numerically estimate the SPP resonance
this resonance, fs-pulse excitation will then be studied.

The temporal and spatial evolution of the field ener
inside a nanohole channel in a metal of finite conductivity
accompanied by a Poynting flowSz5(EW 3HW )z (W/cm2), di-
rected along thez axis; see Sec. III E. On the other hand, t
Poynting vector componentSx5(EW 3HW )x in the lower and
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upper surfaces of the metal film characterizes the ene
transport along thex direction.Sx is an odd function ofx that
changes sign at the center of a hole. Thus,Sx , on both the
right and left sides of each hole; is directed either away fr
or towards this hole; i.e., the hole acts as a source or a s
respectively. The third componentSy is in most cases negli
gible.

sz5(1/F) *Sz(x,y)dxdy is the meanvalue of Sz inside
one hole, where the integral is taken over the hole cr
section of areaF. The time average ofsz , taken over one
cycleT52p/v, is indicated by a bar,s̄z . Finally, a normal-
ized quantity s̄z,norm5 s̄z / s̄in,max is introduced, where
s̄in,max5c«0A0

2/2 denotes the power density at the peak of

input signal. In addition to SW , the energy density
We (Ws/cm3) of the electric field is of interest. For instanc
Wex5

1
2 «0Ex

2 describes the instantaneous energy density
Ex . As above, we define a mean valuewex , a time average
w̄ex , and a density w̄ex,norm , normalized to w̄in,max

5«0A0
2/4.

In the following the spatio-temporal evolution of the ele
tric field and the Poynting vector will be considered, wh
the nanostructured metal film is excited with a 10-fs pul
The results given below correspond to different hole dia
eters~100–300 nm!.

III. RESULTS

A. SPP resonance

Most interesting light field dynamics can be expected
or close to a plasmon resonance where the coupling betw
the fields on the upper and lower surfaces should be st
gest. We first identify this resonance wavelength by study
the wavelength-dependent energy flux transmitted throug
nanohole with 100 nm diameter connecting both surface

Figure 2 shows the time evolution of the energy flo
density s̄z,norm inside a hole at the bottom surface,z50
~dashed curves!, and at the top surface,z5h ~solid curves!,
for various wavelengths undercontinuous-waveexcitation.
s̄z,norm corresponds to a real power flow, damped along
guide axis. The final value ofs̄z,norm is maximal at l
5530 nm@see Fig. 2~d!#, which is close to the approximat
value ofl res'522 nm for the~1, 0! plasmon resonance de
duced from Eq.~3!. Figure 2~d! also indicates thats̄z,norm
'1.5 in the upper hole after the energy flow has reache
constant level. This means that 1.5 times more light inten
is transmitted through the air-filled channel in the meta
film than is directly incident on the aperture of the hole at t
bottom interface.

A different behavior ofs̄z,norm is seen in Figs. 2~a! and
2~f!, corresponding to the end points of the considered wa
length interval, i.e.,l5510 and 560 nm. They show onl
small values ofs̄z,norm ; i.e., the resonance condition for SP
excitation is no longer fulfilled.

B. SPP coupling

We now proceed with calculating the time evolution
light propagation underimpulsive excitation conditions: a
5-3
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MÜLLER, MALYARCHUK, AND LIENAU PHYSICAL REVIEW B 68, 205415 ~2003!
10-fs pulse with a carrier wavelength ofl5530 nm is nor-
mally incident on the lower metal surface. The pulse durat
is chosen to be shorter than the expected SPP damping
of a few tens femtoseconds. Under such conditions, a
excitation at the bottom interface is impulsively driven
the incident field, and the propagation dynamics of this
citation are then simulated numerically.

Figure 3 shows the normalized mean photon flux den
s̄z,norm in the holes on the lower~dashed curves! and upper
~solid curves! surfaces for various hole diametersd, namely,
~a! d5125 nm, ~b! d5150 nm, ~c! d5175 nm, and~d! d
5300 nm. Figure 3~a! also includes the power density of th
input pulse,s̄in,norm , normalized tos̄in,max. Figures 3~a!–
3~d! indicate damped periodic oscillations ofs̄z,norm follow-
ing the impulsive excitation. As can be seen from Figs. 3~a!–
3~c!, the oscillation periodTosc of s̄z,norm decreases with
increasing hole diameter and the time decrease of the o
lation peaks becomes stronger with increasing hole diam
Outside of the holes,S̄z is much smaller than inside th
holes. At all times,S̄z points towards the metal, reflectin
energy absorption due to Ohmic losses by the metal.

The total loss causing the damping of the oscillations
cludes two essential contributions:~i! the absorption~Ohmic!
loss associated with the damping factorg of the metal and
~ii ! the scattering loss depending ond. We assume an expo
nential decrease due to absorption and scattering losses
introduce the three decay timesTtot , Tabs, andTscat, corre-
sponding to the total loss, absorption loss, and scatte
loss, respectively. Then the total decay time is given as

1/Ttot51/Tabs11/Tscat. ~4!

FIG. 2. Normalized meanphoton fluxdensity s̄z,norm directed
alongz, vs time inside a hole at the bottom (z50, dashed curves!
and on the top (z5h, solid curves! of the metal film for various
wavelengths of the incident field, betweenl5510 and 560 nm,
~a!–~f!. The input power density is a steplike function~dotted
curve! shown in~a!.
20541
n
me
P

-

y

il-
er.

-

and

g

If the total hole area is small compared to that of the me
surfaces,Tabs is approximately given by the decay time of
SPP wave propagating on aplanar metal surface,Tsp . For
l5530 nm one obtains a damping timeTsp593 fs. Plotting
the values ofus̄z,normu from Fig. 3 on a logarithmic scale, on
finds a nearly exponential decay of the peak values ofs̄z,norm
with time. Thus, the envelope curves ofs̄z,norm are approxi-
mately given as exp(2t/Ttot). The values ofTtot then are ex-
tracted from these logarithmic plots for the different ho
diameters. The scattering timeTscat is taken from Eq.~4!
with Tabs593 fs.

C. Radiative SPP damping and SPP coupling strength

In Fig. 4~a!, the total decay time of the damped oscill
tions, Ttot , is shown together withTscat on a double-
logarithmic scale. For small hole diameters,d5125 nm,Ttot
is much smaller thanTscat, indicating that in this case the
absorption in the metal is the major loss process. On
other hand, scattering is the dominant loss mechanism
large hole diameters, as can be seen ford5300 nm, where
Tscat'Ttot . Figure 4~a! also shows that, in the interval from
d5125 to 175 nm, theTscat curve is close to the solid line
proportional to the inverse of the fourth power of the ho
diameter,d24. This agrees well with the experimentally ob
served dependence for the scattering cross sections of single
nanometer-sized holes in metal films illuminated by S
waves with a wavelength ofl5780 nm ~Ref. 6!. In Fig.
4~b!, we deduce from these data a relative scattering t

FIG. 3. Normalized meanphoton fluxdensity directed alongz,
s̄z,norm , vs time in a hole at the bottom (z50, dashed curves! and
on the top (z5h, solid curves! of the metal film for various hole
diameters ofd5125– 300 nm,~a!–~d!. The incident signal~dotted
curve! is a 10-fs pulse with peak intensity att530 fs, shown in~a!.
5-4
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THREE-DIMENSIONAL THEORY ON LIGHT-INDUCED . . . PHYSICAL REVIEW B68, 205415 ~2003!
Tscat(d)5s(220 nm)/s(d), normalized to the cross sectio
for d5220 nm. For small diameters,Tscat decreases with
d24, which indicates a Rayleigh-like scattering of th
quasi-2D surface-bound SPP waves.32 For larger hole diam-
etersd>400 nm, i.e.,d/l>0.5, one finds a weaker depe
dence ond, indicating that the Rayleigh limit is no longe
applicable. This deviation from thed24 dependence can als
be seen in our theoretical simulation ford5300 nm @Fig.
4~a!#. As in the experiment,6 strong deviations from the Ray
leigh limit are found ford/l>0.5.

In addition, we have calculated the time dependence
s̄z,norm for vanishing absorption losses, settingg50 in Eq.
~3c!. We find the same oscillation periods as in Fig. 3, b
now the damping is weaker due to the absence of absorp
losses. For larged, the calculated damping times agree w
with the values ofTscat in Fig. 4~a!. For d<150 nm, some
deviations are observed due to the limited numerical stab
of the FDTD calculations.

Figure 4~c! shows the dependence of the oscillation p
riod Tosc on the hole diameterd. For d<175 nm, Tosc de-
creases withd22. This means that the oscillation perio
scales with the inverse cross section of the hole provided
hole diameter is sufficiently small. Deviations from thed22

dependence are observed for the largest hole diametd
5300 nm.

FIG. 4. ~a! Log-log plot of the decay times vs hole diamet
taken from the damped periodic oscillations of Fig. 3. Solid circl
total damping timeTtot indicating absorption and scattering losse
Open circles: scattering time of surface wavesTscat estimated from
Ttot with Tabs593 fs. Solid line:T}d24. ~b! Open circles: normal-
ized scattering times of surface plasmon waves at single nanoh
vs hole diameter, deduced fromexperimentaldata given in Ref. 6.
Solid line:T}d24. ~c! Open circles: oscillation periodTosc vs hole
diameter taken from the periodic oscillations of Fig. 3. Solid lin
T}d22.
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These damped oscillations are a clear manifestation of
coupling between SPP waves on the top and bottom in
faces of the metal nanostructure, mediated by the nanoa
tures. Figures 3~a!–3~c! show the periodic change of the en
ergy flux between upward and downward direction
Through the nanohole channel optical energy is transfe
between bottom and top side generating SPP fields at
interfaces until the total field energy has decayed due
Ohmic and scattering losses. This picture reminds one o
pair of weakly coupled pendula with a beat frequency tha
inversely proportional to the coupling parameter. The
crease of the coupling proportional tod2 simply reflects the
increase in field energy inside the nanohole channel with
channel cross section. For larger hole diametersd
>200 nm) the losses at the exit of the nanohole channel
to scattering into far-field radiation are so strong that S
wave excitation on the upper surface is low. Here, most
the field energy inside the channel is directly scattered i
far-field radiation and only a small fraction of the field e
ergy is reflected from the upper interface; see Fig. 3~d!.

We note that the coupling between SPP waves at b
interfaces manifests itself as a splitting in the ang
dependent transmission spectra aroundkx5ky50 ~normal
incidence of the input pulse!. The beat frequencyTosc

21, i.e.,
the coupling strength, gives the magnitude of the splitti
Hence, it is this coupling which is responsible for the ba
gap formation in these periodic nanostructures.1,2

D. Energy flow inside the nanohole channel and on the surface

A detailed study of the plasmon interaction on the tw
metal surfaces ford5125 nm is given in Fig. 5. Figure 5
compares the mean photon flux densitys̄z,norm @Fig. 5~a!# to
the mean electric energy densityw̄ex,norm inside the holes
@Fig. 5~b!# and to the photon flux densityS̄x,norm on the
metal surface, taken atx50.15a0 , i.e., 12.5 nm outside the
right edge of the hole@Fig. 5~c!#. We note that ifS̄x,norm
.0, the photon flux is directedaway fromthe neighboring
hole (x5y50), whereasS̄x,norm,0 corresponds to a photo
flux directedtowardsthe hole. Dashed and solid lines corr
spond to the lower and upper surfaces, respectively.

The following picture of the plasmon dynamics emerg
The incident femtosecond pulse excites SPP waves at
bottom interface that transfer a photon fluxS̄x,norm along x
directed towards the neighboring hole@Fig. 5~c!#. These SPP
waves couple into the nanohole channel, giving rise to
increase in electric energy densityw̄ex,norm at the lower end
of the channel,z50, in addition to the input-pulse energ
which is directly incident on the bottom hole aperture@Fig.
5~b!#. Though the incident pulse is switched off att'40 fs,
the photon fluxS̄x,norm on the lower surface still continues
even after that time. This is due to the finite lifetime of th
surface plasmon excitations, which is much longer than
input pulse duration.

The increase in energy at the bottom of the hole drive
photon flux s̄z,norm directed towards the upper end of th
nanohole channel@Fig. 5~a!#. Hence the energy is transferre
from the lower end to the upper end of the channel. T

:
.

les

:
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energy density inside the hole at the upper end of the cha
then induces a photon fluxS̄x,norm on the upper surface alon
x, directed away from the hole.

The energy densityw̄ex,norm inside the hole on the bottom
surface approaches zero att'60 fs @Fig. 5~b!# and, simulta-
neously, both the photon fluxess̄z,norm andS̄x,norm disappear
@Figs. 5~a! and 5~c!#. On the other hand, the energy level
w̄ex,norm on the upper interface is high at that time@Fig.
5~b!#. Therefore,w̄ex,norm is able to drive a photon flux
s̄z,norm down the nanohole channel,t.60 fs, which transfers
energy from the top to the bottom surface—just the reve
situation as that described before. Thus, a periodic oscilla
of the energy between lower and upper interfaces is indu
As discussed above, this oscillation is damped by scatte
and absorption losses.

E. Spatial distribution of the electric energy density

So far, we have studied the dynamics of light propagat
at fixed spatial positions. Now, we analyze thespatial struc-
ture of the field distributions and their changes in time. W
show that these results give a consistent physical pictur
light propagation through periodic nanohole arrays.

Figure 6 shows the time-averaged squared electric fi
strengthsEx

2 ~left! andEz
2 ~right! in the x-z plane (y50) at

FIG. 5. Time dependence ofphoton fluxandelectric field energy
in a metal film with holes of 125 nm diameter~a! Normalized mean
photon fluxdensity s̄z,norm in a hole at the bottom (z50, dashed
curve! and on the top (z5h, solid curve! of the metal film; cf. Fig.
3~a!. ~b! Normalized meanelectric field energydensityw̄ex,norm of
the field componentEx in a hole atz50 ~dashed curve! andz5h
~solid curve!. Labelsd, e, and f indicate times~110, 125, and 135
fs! at which thespatial field distributions are given; see Fig. 6.~c!

Normalizedphoton fluxdensity directed alongx, S̄x,norm , on the
bottom surface~dashed curve! and on the top surface~solid curve!
at x50.15a0 , y50, on the right side of the hole atx50, y50. The
incident signal is a 10-fs pulse shown in~a!.
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times ~a! T5110 fs, ~b! T5125 fs, and~c! T5135 fs. The
spatial distribution of the different quantities is plotted on
logarithmic scale. We note that the numerical simulatio
show slight deviations from the theoretically expected sy
metry with respect to the hole axis (x50). This minor asym-
metry is due to the small errors that arise when discretiz
the cylindrical apertures on a rectangular grid.

We find high levels ofEx
2 and Ez

2 at the top and bottom
metal surfaces, not only inside, but also outside the holes
particular forEz

2. In accordance with Fig. 5~b!, the intensities
at T5110 fs@Fig. 6~a!; Fig. 5~b!, label d# are localized at the
top interface. In contrast, atT5125 fs @Fig. 6~b!; Fig. 5~b!,
label e# the values at both interfaces are almost identical a
at T5135 fs @Fig. 6~c!; Fig. 5~b!, label f# they are localized
at the bottom interface.

As can be seen from Fig. 6, bothEx
2 andEz

2 are sharply
peaked at the rim of the apertures on the top or bottom
face. This corresponds to the divergencies known from
analytic Bethe-Bouwkamp model for an optical field d
fracted by a small aperture in a very thin plane of a perfec
conducting metal.33,34

Inside the nanohole channel, the incident SPP field
damped and the field intensity decays along thez axis. A
fairly large value ofEz

2 appears inside the metal along th
channel, whereas hereEx

2 is negligible. This is due to the fac

FIG. 6. ~Color online! Time-averaged squared field strengthsEx
2

~left! andEz
2 ~right! in the x-z plane of a unit cell around a singl

hole (d5125 nm) at three different times:~a! T5110 fs, ~b! T
5125 fs, and~c! T5135 fs ~logarithmic scale forEx

2 and Ez
2). At

these times the 10 fs input pulse already vanished but SPP w
still exist at the nanostructure interfaces. The coupling between
top and bottom surface SPP’s~via the air-filled channels in the
metal film! leads to a regular change of high and low energy d
sities on the opposite surfaces.
5-6
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thatEz is parallel to the interface inside the nanohole chan
whereas it is perpendicular to the interface on the upper
lower surfaces. The inverse holds forEx . The SPP field is
essentially longitudinal in the metal but transversal in a
Therefore the transverse component ofE decays abruptly a
the interface, whereas the longitudinal part is exponenti
damped inside the metal on a length scale that is given by
skin depth.

Figure 7 displays some of the important features of Fig
in more detail: The solid curves show cross sections ofEz

2 at
x56a0/4 along thez axis, i.e., perpendicular to the plane
the array. The dashed and dotted curves show cross sec
of Ex

2 along z crossing thex axis at x50 or x56a0/2,
respectively. The dotted and solid cross sections are take
the peak values of theEx

2 and Ez
2 standing waves on the

metal surfaces atz50, h.
The dotted curves indicate the rapid damping ofEx

2 at x
56a0/2 inside the metal within the skin depth. ForEz

2,
however, a steplike discontinuity occurs at the interfac
Figure 7 shows that the electric field in air, close to t
air/metal interface, has a strong transverseEz component
compared with the longitudinalEx component. The ratio
Ez

2(x5a0/4,z5h)/Ex
2(x5a0/2,z5h)'13.0, Fig. 7~a!,

agrees fairly well with the corresponding ratioEz
2/Ex

2'u«18u
'12.5 for aplanar surface.8

In air, normal to the interfaces, theEx
2 curves on the meta

film ~dotted line! and theEz
2 curves~solid line! display an

exponential decay, reflecting the strong damping of the S
field with a decay length of about 150 nm. An analytic e
pression for the decay constant ofEx

2 andEz
2 is known only

for a planar interface and reads as 2uksp,z9 u, with ksp,z9 fol-
lowing from (ksp,z9 )2>(v/c)22ksp,x82 ,0 ~Ref. 8!. The decay

length ẑ of Ex
2 and Ez

2 then becomesẑ51/(2uksp,z9 u)

FIG. 7. Time-averaged squared field strengthsEx
2 and Ez

2 vs
coordinatez at times ~a! T5110 fs, ~b! T5125 fs, and~c! T
5135 fs. The curves show cross sections ofEx

2 andEz
2 along lines

parallel to the z axes of Figs. 6~a!–6~c!. Solid curves:Ez
2(x

5a0/4). Dashed curves:Ex
2(x50). Dotted curves:Ex

2(x5a0/2).
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'130 nm. This value ofẑ agrees quite well with the value
taken from the simulation in Fig. 7.

We also find an approximately exponential decay for
field distributionEx

2 insidethe nanohole channel~dashed line
in Fig. 7, 0,z,0.1mm). Here, the field intensity decay
quite rapidly, on a length scale of about 50 nm.

All together, these results give a quite consistent phys
picture of the light transmission through nanohole arrays
metal films. The incident light is scattered at the nanoh
grating, transferring momentum6m2p/a0 to the incident
beam and exciting SPP waves at the metal/air interface. T
good approximation, the field distributions ofEx

2 and Ez
2 at

the metal/air interface can be explained in terms of stand
SPP waves, which are generated by interfering counterpro
gating Ex or Ez surface fields of wave vectorksp,x8
562p/a0 . Contributions from SPP with larger wave ve
tors ksp,x8 56m2p/a0 , m>2, are only weakly excited and
are less important for achieving high transmission. Within
unit cell around a hole2a0/2,x<a0/2, minima of the
standingEx

2 wave pattern are seen atx56a0/4 in Fig. 6,

whereas minima ofEz
2 waves are found atx50 and x5

6a0/2. This means that theEx
2 and Ez

2 wave pattern are
shifted bya0/4 against each other along thex axis. The cal-
culated spatial distribution forEx

2 closely resembles tha

probed in recent near-field measurements.16 The sum Ex
2

1Ez
2 that is basically the total field energy density is simil

to that recently simulated in time-independent calculatio
for the field amplitude.14

This SPP field at the metal/air interface now couples i
the nanohole channel. Under our conditions, the nanoh
channel can effectively be considered as a cylindrical wa
guide beyond cutoff, i.e.,l.lc . Its maximum cutoff wave-
length lc'pd/1.841 ~Ref. 35! is about 210 nm ford
5125 nm, and thus much smaller than the incident wa
length ofl5530 nm. Thus, for a nanohole channel in a p
fectly conducting metal, there exists no propagating mo
Only evanescent fields with a purely imaginary propagat
constantk are found inside the channel and coupling throu
such a channel arises from photon tunneling. As a con
quence, the field should decay exponentially along
channel axis with a decay lengthLz51/uIm(k)u
51/A(2p/lc)

22(2p/l)2'38 nm.
For a real metal with a finite conductivity, a set of mod

exists inside the channel which have complex propaga
constants with a finite real part. Their imaginary part is
duced giving rise to a decay length that can be substanti
i.e., more than an order of magnitude, larger thanLz for a
perfect metal.21 Due to the finite real part ofk, the time-
averaged Poynting vector is generally nonzero and thu
finite power flow exists along the channel, as can be see
Figs. 3 and 5~a!. Our simulations show a decay of the fie
intensity on a 50 nm scale, i.e., a decay lengthLz
5100 nm, about 3 times larger than for the perfect me
This indicates that the finite conductivity of the metal e
hances the coupling efficiency, which is in qualitative agre
ment with the result recently obtained in Refs. 21 and 23
5-7
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IV. SUMMARY

In summary, we have presented the first fully thre
dimensional simulation of ultrafast light propagation throu
metal films perforated with a periodic array of nanohol
Studying the propagation of 10-fs pulses shorter than
damping time of SPP excitations, we find pronounced te
poral oscillations in the energy flow between the bottom a
top interfaces of the metal nanohole grating. These osc
tions reflect the coupling of SPP waves at both interfa
through the nanohole channel. The diameter of the nano
is the main parameter governing the period and dampin
these oscillations. For small hole diametersd,l/2, the os-
cillation frequency scales with the cross section of the ho
The damping of the oscillations is given by both the abso
tion in the metal and the scattering of SPP waves into
field radiation. The radiation damping scales approximat
with the fourth power of the hole diameter,d4, as for Ray-
leigh scattering of two-dimensional surface waves.

Our results indicate the following physical picture for th
propagation of light through these nanostructures. The i
dent pulse excites SPP waves at the bottom interface. T
couple into the nanohole channel, inducing a transmissio
energy through the channel. Part of this energy is store
SPP excitations at the upper interface. This now induce
photon flux in the opposite direction and eventually a pe
odic oscillation of the energy between lower and upper
A
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terfaces. This oscillation is damped by Ohmic losses in
metal and scattering of the SPP field into far-field radiatio
The excitation of SPP waves is directly evidenced by cal
lating the spatial electric field componentsEx andEz .

The field distribution on the metal surfaces calculated
the longitudinal component (Ex) agrees well with those mea
sured in recent near-field experiments.16 Similar experiments
also support our conclusion that the scattering losses
small hole diameters can be attributed to the Rayleigh s
tering of SPP waves at the nanoholes.6 So far, experimental
studies of ultrafast pulse propagation through such nano
arrays have reported a finite time delay in the transmiss
In these experiments, a periodic oscillation of the transmit
light has not been observed. We note that these experim
have been performed on samples with relatively large h
diameters (d.200 nm) and with pulses of a duration that
longer than the damping time. Our results indicate that n
experiments with shorter pulses shall reveal new insight i
the physics of light transmission through nanohole gratin
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17C. Sönnichsen, A. C. Duch, G. Steininger, M. Koch, G. vo
Plessen, and J. Feldmann, Appl. Phys. Lett.76, 140 ~2000!.
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