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Three-dimensional theory on light-induced near-field dynamics in a metal film
with a periodic array of nanoholes
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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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[. INTRODUCTION sumed to be the reason for the extraordinarily high transmis-
sion found by Ebbeseet al. in periodic subwavelength hole
The interaction between light and metal films exhibiting arrays® The measured far-field transmission was much larger
periodic spatial modulation on the subwavelength scale hahan that expected from diffraction theory for an isolated
attracted much attention in recent years. These studies gi\hé)|53-1'1 ’
evidence for extraordinarily high light transmissténand As SPPs are surface waves, most of their energy is bound
suggest the existence of photonic energy band §amspro-  in the electromagnetic near field, close to the metal/dielectric
hibited propagation states for light within a specific fre- interface. This suggests that near-field scanning optical mi-
quency range(Refs. 1—6 in nanostructured metallic films. croscopy(NSOM) is a particularly suitable tool for studying

Both effects have been connected with surface plasmon p(ﬁpp p_iﬁpertigsd_lnhR?f. 16 light ransmission éhrCIJUQh ta gtc;]Id
laritons (SPP’3, i.e., electromagnetic surface waves that''" WIT PEriodic nole arrays was measured close 1o the

propagate along the interface between a metal and etal surface employing a metal-coated ﬂber_tlp. In particu-
. - 7.9 S ar, interference patterns of counterpropagating SPP waves
dielectric/ ™ These waves are due to charge oscillations a

the surface of the metal driven by the incident fight. Thewere observed along the polarization direction of the inci-

I ic field and th iated ch ilati dent light field. Excitation of SPP waves was also studied in
electromagnetic field and the associated charge oscl atlor'le%(periments probing transmission through single hbfes.
(surface plasmonsset up a coupled surface state, the SPP, e theoretical description of enhanced light transmission

characterized by a specific energy-momentum dispersion rgjas atracted considerable attention over the last years. Time-
lation. independent simulations of light transmission in metallic
In thin periodically corrugated metal films both band gapfims with one-dimensional slit&?® or periodic hole
formation and enhanced light transmission are linked to th%rray§3'21_24 have been reported using different numerical
coupling between SPP waves at the top and bottom interfacegchniques. In addition to SPP waves at the top and bottom
of the film. Therefore, such gratings open up a possibility tointerfaces also modes inside the slits or cylindrical nanohole
study coupling effects between SPP waves on their top anchannels can be excitéd.In one-dimensional gratings,
bottom surfaced®!* Whereas in optically thick metal films, propagating transverse electromagnéfiEM) modes exist,
with a thickness much larger than the skin depth, SPP waveshile in nanohole arrays with sufficiently small hole diam-
at both interfaces do not interfere, SPP waves in thin filmseter, only exponentially damped light fields are present inside
can generally not be considered as independent entities, btite holes’* For bigratings, aletailedtheoretical understand-
constitute a pair of coupled oscillators with an energy split-ing of coupling effects between SPP waves on opposite sur-
ting given by the coupling strength. The underlying physicsfaces is still lacking. In particular, the time-dependent cou-
is similar to that of other coupled two-mode systems, e.g.pling of SPP’s through nanoholes is still under much
two coupled mechanical pendulums or electron and holelebate’> A physical description of this process requires a
states in semiconductor double-quantum-well nanostructureime-dependent description of the energy transmission
Such coupling effects also occurtinick metal films with  through the nanoapertures and its connection with energy
periodic nanoaperture arrays, e.g., in one-dimensional sliransport on the surfaces. To resolve these dynamic coupling
arrays (lamellar transmission gratingsor in periodic effects we follow in this work an approach that is well
two-dimensional hole arrays (crossed gratings or known from time-resolved quantum-beat spectroscopy. The
“pigratings”).*%13Here the interaction between SPP modescoupled system is impulsively excited by an ultrashort light
at both interfaces occurs via the coupling of light through thepulse, shorter in duration than the relevant damping and cou-
nanoapertures. This interaction between SPP waves is aghng times, and the subsequent light scattering dynamics
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(a) side view ﬁ time-dependent intensity of the incident electric field is a
y=0 Gaussian pulse of 10 fs full width at half maximum
N G (FWHM).
Z= . . . . . ,
Z=0|7 ool Voo . nght propagation in the metal is descrlbgd by Maxwglls
< ! al/2 equations, which are coupled to an equation for the light-

induced oscillations of quasifree electrons in the metal
(Drude model:

incident plane wave E,

(b) top view x VXE=— Mo W, (161)

z=h

7% VX A= +J, (1b

% aJ . -
% E"‘?’J:SprE, (10
whereE andH are the electric and magnetic field vectors,
respectively, and is the Nabla differential operatod. is a

FIG. 1. Schematic of a freestanding metal film, perforated With(iurrent density (A/Cﬁ‘) corresponding to the time derivative

an array of holesa, is the lattice constant] the hole diameter, and J= dP/at of the metal polarizationw, is .the plasma fre-

h the thickness of the film(a) Cross section through the metal film quency of the_metal anq denotes a damping rate character-
(x-z plang. The input wave is polarized alongand illuminates  izing the Ohmic absorption losses that heat the metaand

the bottom metal surface at normal inciden@®. Top view of the g are the free-space permittivity and magnetic permeability.
metal film (x-y plane. In free space, around the metal film and in its air-filled holes,
o _ _ _ _ S light propagation is described by Eqda) and (1b) with J

is investigated in fully three-dimensional finite-difference =q.

time-domain simulations. We take the following approximate expression for the

The aim of this paper is to study the intrinsic SPP cou-complex dielectric constant of the metake, e.g., Ref. 26
pling mechanisms in a metallic film perforated with

nanometer-sized holes that is impulsively excited with a fem- 1)
tosecond light pulse. Here, the carrier wavelength of the g1(w)=1
pulse is larger than the cutoff wavelength of the cylindrical

hole channel. The dynamic linear response of the materiafhere iw,=8.6 eV (i.e., A\,=144 nm),7y=0.075 eV in
polarization to the impulsive excitation is calculated insidethe present case of silver aadis the(circulan frequency of

the nanoholes as well as in the immediate vicinity of thelight. In the energy range considered, the Drude model is
metallic film, i.e., in the near-field region. A detailed descrip-reasonably close to the experimental values for the dielectric
tion of the time-dependent interaction between plasmonfunction of silve’” The use of such a semiclassical con-
induced surface waves and modes inside the holes is givetinuum mode[Eq. (1c)] is justified, as the dimensions of the
Coupling between SPP excitation at both interfaces of théanostructures considered (00 nm) are much larger than
metal film is evidenced via pronounced temporal oscillationghe electron mean free path inside the metal.

in the field intensity transmitted through the nanoholes. We The time-dependent electric field and Poynting vector in-
find that the diameter of the nanoholes plays a key role foside the metal as well as below and above it are numerically
both the dynamics of the plasmon coupling as well as for thealculated applying a three-dimensionaBD) finite-
scattering of SPP excitations into far-field radiation. The spadifference time-domain cod¢DTD) to Egs.(1a—(10); see,

tial dependence of the electromagnetic near-field profiles i€.g., Ref. 28. The respective space grid is composed of
simulated, showing pronounced spatial interference of SPROO (x direction)x 200 (y) X 210 (z) cells with space incre-

2

_ P
w2+i7w’ )

waves, in good agreement with recent experimé&hts. mentsAx=Ay=Az=25nm and a time increment aft
=4x10 3 fs, corresponding to a computational working

riod (unit cell) around a single hole. Periodic boundary con-
In the following, we study light propagation through a ditions are applied to the sides of the unit cell being parallel
freestandingsilver film of thicknessh=100 nm, perforated to thex andy axes, whereas perfectly matched lagieML)
with a periodic hole array of period,=500 nm and hole conditiong® are applied to the top and bottom boundaries of
diametersd between 100 and 300 nm. The film is assumed tahe unit cell, i.e., free-space propagation of the light field
extend to infinity in thex andy directions. Anx-polarized above and below the metallic film. The numerical values of
coherent plane wave, propagating in thelirection, illumi-  the parametersh( a,, d, and wavelength\) used in this
nates the metal film at normal incidence: see Fig. 1. Theaper are chosen similar to the experimental values, taking
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the limited resources of our workstation into account. Theupper surfaces of the metal film characterizes the energy
stability of the calculations is limited to about 100 fs for transport along th& direction.S, is an odd function ok that
quasi-cw excitation and to more than 200 fs for short-pulsechanges sign at the center of a hole. Ths, on both the
excitation. right and left sides of each hole; is directed either away from
Here we focus on calculations in the wavelength intervalor towards this hole; i.e., the hole acts as a source or a sink,
between 510 and 560 nm, around ftie 0) metal/air plas- respectively. The third compone8y is in most cases negli-

mon resonance at;.¢~522 nm, given by gible.
s,=(1/F) [ S,(x,y)dxdy is the meanvalue of S, inside
ao one hole, where the integral is taken over the hole cross
)‘resgm' ©) section of ared. The time average of,, taken over one

cycleT=2m/w, is indicated by a bas,. Finally, a normal-
which follows from the SPP dispersion for a planar metal/airized quantity 'S, ,orm=S,/Sinmax 1S introduced, where
interface® si%l—()\reslhp)z denotes the real part of; ?in,maX:ctsoAf)/Z denotes the power density at the peak of the

U

=g, +ie]. Equation(3) includes no details about the spatial input signal. In additon toS, the energy density
profile of the metal film such as width and depth of the holesw, (Ws/cn?) of the electric field is of interest. For instance,
Thus ¢ is only an approximate value, which we find, how- W, =1¢,E2 describes the instantaneous energy density of
ever, to be fairly accurate. Sindg.s>a, holds for the(1,00  E,. As above, we define a mean valwg,, a time average
SPP resonance, only tfig, far-field diffraction mode of the w_,, and a densityWyyorm, Normalized to Wi, max
bigrating is excited in this wavelength intervil. =g A4, ' '
Another parameter of interest is the propagation length | the following the spatio-temporal evolution of the elec-
Lsp=1/2kq,l at which the intensity of a propagating SPP tric field and the Poynting vector will be considered, when
wave on gplanar metal/air interface decreases t@1due to  the nanostructured metal film is excited with a 10-fs pulse.
energy absorption in the mefaFrom The results given below correspond to different hole diam-

ol 3 eters(100—-300 nm

g1 +1

”n
—1_| @&
sp T

2
01 lll. RESULTS
one obtaind.¢,~27 um for silver at\ ;=522 nm(Ref. §.

This estimate ol g, falls within the range of experimental i o _ ]
values of 20-50um for the SPP propagation length mea- Most interesting light field dynamics can be expected at

sured on a planar silver surface in the wavelength intervaPr close to a plasmon resonance where the coupling between
from 500 to 600 nm(Ref. 31. kep =K., +ikL,, denotes the fields on the upper and lower surfaces should be stron-
the component of the complex SPP wg\/e vecpt'or alongthe gest. We first identify this resonance wavelength by studying

axis. From Lg,=27 um the damping timeTq,=Lq,/V., the wavelength-dependent energy flux transmitted through a
~93 fs is deduced using the phase velociz;:vws/pk’ P’ nanohole with 100 nm diameter connecting both surfaces.

~0.96. wherek! . =2m/a.. Below T.. will be com éﬁgd Figure 2 shows the time evolution of the energy flow
g . Spx 0 'SP, P density's, ,orm iNside a hole at the bottom surfaces=0
to SPP damping constants for propagation on surfaces perf?dashed éurve)sand at the top surface=h (solid curves

rated with holes. . . o
. , . . for various wavelengths undeontinuous-waveexcitation.
In the following we will present theoretical results foy 5 corresponds 1o a real power flow. damoed alond the
a continuous-wave input field anid) for a femtosecond in- ~zfhorm == P X P ! p 9
0gwde axis. The final value 08, ,m is maximal at\

put pulse. In both cases an incident optical plane wave po? i o .
larized along the axis is assumed. Its electric and magnetic_530 nm[see Fig. &d)], which is close to the approximate
value of\,.¢~522 nm for the(1, 0) plasmon resonance de-

fleld strengths are given by the re_al functioB in(2,1) duced from Eq.(3). Figure Zd) also indicates thas, ,orm

_Ain COS{wt_(ZW/)\)Z] and Hy,in(zit)_\/SO/IU“OEX,in(th)' N in th hol ft h fl h ' hed

Here, o=2mc/\ and A;, is a Gaussian-shaped function ~1.5 in the upper hole after the energy flow has reached a
' n constant level. This means that 1.5 times more light intensity

_ _ _ _ 2 - .
Ai”_l.'t%dequ_hzm At ttoe,rﬂc)ég‘):{ ! V\&her_efgflsdthe f['eld is transmitted through the air-filled channel in the metallic
amplitude. 'he parameletg=Su 1S andro= 10U 1S denote an - g, than is directly incident on the aperture of the hole at the
arbitrarily chosen delay time and the pulse width, respec;

tively. Continuous-wavesteplike excitation corresponds to bottom interface.
A =Ag exd —2In 2(t—to—2c)im?], if t<to—z/c, and A different behavior ofs, oy, is seen in Figs. @) and

A= Ag= const, ift=to—z/c. The results for cw illumina- 2(f), corresponding to the end points of the considered wave-

. . ) ngth interval, i.e.A=510 and 560 nm. They show only
tion are used to numerically estimate the SPP resonance. é . -

! y est . . T‘nall values 08, ,o/m; i.€., the resonance condition for SPP
this resonance, fs-pulse excitation will then be studied.

The temporal and spatial evolution of the field energyexCItatIon 's no longer fulfilled.
inside a nanohole channel in a metal of finite conductivity is
accompanied by a Poynting flog= (E x H), (W/cn?), di- B. SPP coupling
rected along the axis; see Sec. Ill E.%On the other hand, the  we now proceed with calculating the time evolution of
Poynting vector componer®,= (E XH), in the lower and light propagation undermpulsive excitation conditions: a

A. SPP resonance
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FIG. 2. Normalized meaphoton fluxdensitys, o, directed
alongz, vs time inside a hole at the bottora=€ 0, dashed curves .
and on the top Z=h, solid curve} of the metal film for various Time (fs)
wavelengths of the incident field, betwean=510 and 560 nm,
(a)—(f). The input power density is a steplike functigdotted
curve shown in(a).
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FIG. 3. Normalized meaphoton fluxdensity directed along,
'S;norm» VS time in a hole at the bottonz£ 0, dashed curvesand
on the top ¢=h, solid curves of the metal film for various hole
diameters ofd=125-300 nm,(a)—(d). The incident signaldotted

10-fs pulse with a carrier wavelength bf=530 nm is nor-  curve is a 10-fs pulse with peak intensity &t 30 fs, shown in(a).
mally incident on the lower metal surface. The pulse duration

is chosen to be shorter than the expected SPP damping t'g‘gthe total hole area is small compared to that of the metal

fof}tgfivgntiﬂstrfzrfgigﬁo?rise}fgsg eL; ?ﬁcﬂﬁfv@?”ﬁﬂi’e? ts); urfaces Tsis approximately given by the decay time of a
the incident field, and the propagation c? namic); of this e)>/<-SPP wave propagating onpanar metal surfaces,. For
- ' Propag: y A=530 nm one obtains a damping tirig,= 93 fs. Plotting
citation are then simulated numerically. . P
the values ofs, o, from Fig. 3 on a logarithmic scale, one

5 Flguirrcla t:;’] es T]%Vl\ésstgﬁ Phoé T;U;%isrﬂiincﬂugg]ngug dzTS't¥inds a nearly exponential decay of the peak values, gf,
Znorm PP with time. Thus, the envelope curves gf,o,, are approxi-

(solid curve$ surfaces for various hole diametatsnamely, mately given as exp{t/T,,). The values Off . then are ex-
(@ d=125nm, (b) d=150 nm, (c) d=175 nm, and(d) d y 9 tov: "7 tot BT

v . . ) tracted from these logarithmic plots for the different hole
=300 nm. Figure @) also includes the power density of the . : , .

. = X — . diameters. The scattering timE,.,; is taken from Eq.(4)
input pulse,siy norm, Normalized tos;, max- Figures 8a)— With Tor.— 93 fs

3(d) indicate damped periodic oscillations $f,r, follow- abs '
ing the impulsive excitation. As can be seen from Figa)-3
3(c), the oscillation periodT os Of S norm decreases with C. Radiative SPP damping and SPP coupling strength
increasing hole diameter and the time decrease of the oscil-

lation peaks becomes stronger with increasing hole diameter. In Fig. 4(".")' the total decay tlme_ of the damped oscilla-
tions, Ty, IS shown together withTg.,; on a double-

Outside of the holess, is much smaller than inside the . imic scale. For small hole diametedss 125 nm, Ty,
holes. At all times,S, points towards the metal, reflecting js much smaller thaf,, indicating that in this case the
energy absorption due to Ohmic losses by the metal. absorption in the metal is the major loss process. On the

The total loss causing the damping of the oscillations in-pther hand, scattering is the dominant loss mechanism for
cludes two essential contribution($} the absorptioffOhmic) large hole diameters, as can be seender300 nm, where
loss associated with the damping factpof the metal and Tecar~ Tior Figure 4a) also shows that, in the interval from
(i) the scattering loss depending dnWe assume an expo- ¢=125 to 175 nm, thél . CUrve is close to the solid line
nential decrease due to absorption and scattering losses aﬁg)portionaﬂ to the inverse of the fourth power of the hole
introduce the three decay tim@g;, Tabs, and Tscan COIME-  giameter,d 4. This agrees well with the experimentally ob-
sponding to the total loss, absorption loss, and scatteringeryed dependence for the scattering cross setfrsingle
loss, respectively. Then the total decay time is given as  panometer-sized holes in metal films illuminated by SPP

waves with a wavelength ok =780 nm (Ref. 6. In Fig.
UT o= LT ot LT geare (4)  4(b), we deduce from these data a relative scattering time
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These damped oscillations are a clear manifestation of the
coupling between SPP waves on the top and bottom inter-
faces of the metal nanostructure, mediated by the nanoaper-
tures. Figures @&)—3(c) show the periodic change of the en-
ergy flux between upward and downward directions.
Through the nanohole channel optical energy is transferred
between bottom and top side generating SPP fields at the
interfaces until the total field energy has decayed due to
Ohmic and scattering losses. This picture reminds one of a
pair of weakly coupled pendula with a beat frequency that is
inversely proportional to the coupling parameter. The in-
crease of the coupling proportional 43 simply reflects the
increase in field energy inside the nanohole channel with the
channel cross section. For larger hole diametets (
=200 nm) the losses at the exit of the nanohole channel due
to scattering into far-field radiation are so strong that SPP
wave excitation on the upper surface is low. Here, most of
the field energy inside the channel is directly scattered into
far-field radiation and only a small fraction of the field en-
ergy is reflected from the upper interface; see Figl).3

We note that the coupling between SPP waves at both
interfaces manifests itself as a splitting in the angle-

300 dependent transmission spectra arolkpe-k,=0 (normal
incidence of the input pulseThe beat frequencvgslc, ie.,
the coupling strength, gives the magnitude of the splitting.
Hence, it is this coupling which is responsible for the band
gap formation in these periodic nanostructutés.

Hole diameter d (nm})

FIG. 4. (a) Log-log plot of the decay times vs hole diameter
taken from the damped periodic oscillations of Fig. 3. Solid circles:
total damping timeT,,; indicating absorption and scattering losses.
Open circles: scattering time of surface wavgs,;estimated from
Tior With Taps=93 fs. Solid line:Te<d ™. (b) Open circles: normal- i, pergy flow inside the nanohole channel and on the surface
ized scattering times of surface plasmon waves at single nanoholes
vs hole diameter, deduced froexperimentablata given in Ref. 6. A detailed study of the plasmon interaction on the two
Solid line: Te=d~“. (c) Open circles: oscillation perio@l,s.vs hole ~ metal surfaces fod=125nm is given in Fig. 5. Figure 5
diameter taken from the periodic oscillations of Fig. 3. Solid line: compares the mean photon flux densiiy,,, [Fig. 5a)] to
Tocd ™2, the mean electric energy density.y ,orm inside the holes

-~ . . [Fig. 5b)] and to the photon flux densit$, ,,m On the
Tsead) = (220 nm)er(d), normalized to the cross section metal surface, taken at=0.15,, i.e., 12.5 nm outside the

for d=220 nm. For small diameters, ., decreases with . =

d~4, which indicates a Rayleigh-like scattering of the right edge of the hol¢Fig. 5(c)]. We note that ifS; 1orm
quasi-2D surface-bound SPP wavégor larger hole diam- >0, the photon flux is directedway fromthe neighboring
etersd=400 nm, i.e.,d/A=0.5, one finds a weaker depen- hole (x=y=0), whereasS, ,,,,<0 corresponds to a photon
dence ond, indicating that the Rayleigh limit is no longer flux directedtowardsthe hole. Dashed and solid lines corre-
applicable. This deviation from tha# # dependence can also spond to the lower and upper surfaces, respectively.

be seen in our theoretical simulation fdr=300 nm [Fig. The following picture of the plasmon dynamics emerges.
4(a)]. As in the experimeritstrong deviations from the Ray- The incident femtosecond pulse excites SPP waves at the

leigh limit are found ford/A=0.5. . =
In addition, we have calculated the time dependence Ogic;tetgtrg dlr,ggi\r/f;gi mitrfé?gﬁtfnirriﬁgpﬂggg. fé%ﬁfilﬁ‘hglsoengép

fé’g)‘fr%feoqqXgntﬁg'ZgrggsgsrgﬁgﬁJgssgﬁbjgtgggitnoF'%_E;?' butvaves couple into the nanohole channel, giving rise to an

now the damping is weaker due to the absence of absorptid crease in electric energy qens“%x'“mm. at the lower end
losses. For largd, the calculated damping times agree well ©f the channelz=0, in addition to the input-pulse energy
with the values ofT ., in Fig. 4(@. For d<150 nm, some which is directly m_cm!ent on the pottom hole apert(iFgg.
deviations are observed due to the limited numerical stabilit?(®)]- Though the incident pulse is switched offtat 40 fs,
of the FDTD calculations. the photon fluxS, orm ON the lower surface still continues,
Figure 4c) shows the dependence of the oscillation pe-even after that time. This is due to the finite lifetime of the
riod T,s. ON the hole diameted. For d<175nm, T,,.de-  surface plasmon excitations, which is much longer than the
creases withd 2. This means that the oscillation period input pulse duration.
scales with the inverse cross section of the hole provided the The increase in energy at the bottom of the hole drives a
hole diameter is sufficiently small. Deviations from ttie? photon fluxs, ,om directed towards the upper end of the
dependence are observed for the largest hole dianteter nanohole channéFig. 5@)]. Hence the energy is transferred
=300 nm. from the lower end to the upper end of the channel. The
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FIG. 5. Time dependence photon fluxandelectric field energy _
in a metal film with holes of 125 nm diamet@) Normalized mean FIG. 6. (Color onling Time-averaged squared field strengfs
photon fluxdensity's, norm in @ hole at the bottomz=0, dashed  (left) and EZ (right) in the x-z plane of a unit cell around a single
curve and on the topZ=h, solid curve of the metal film; cf. Fig.  hole (d=125nm) at three different times¢a) T=110fs, (b) T
3(a). (b) Normalized mearelectric field energylensityWe, norm Of =125 fs, and(c) T= 135 fs (logarithmic scale folEZ and EZ). At
the field componenE, in a hole atz=0 (dashed curyeandz=h these times the 10 fs input pulse already vanished but SPP waves
(solid curvg. Labelsd, e, andf indicate timeq110, 125, and 135 still exist at the nanostructure interfaces. The coupling between the
fs) at which thespatialfield distributions are given; see Fig. @) top and bottom surface SPP(sia the air-filled channels in the
Normalizedphoton fluxdensity directed along, S norm, On the — metal film) leads to a regular change of high and low energy den-
bottom surfacédashed curvyeand on the top surfaceolid curvg  Sities on the opposite surfaces.
atx=0.15,, y=0, on the right side of the hole at=0,y=0. The

incident signal is a 10-fs pulse shown (@. times (a) T=110 s, (b) T=125fs, and(c) T=135fs. The

energy density inside the hole at the upper end of the channépatial distribution of the different quantities is plotted on a
then induces a photon ﬂﬁ( ~orm ON the upper surface along logarithmic scale. We note that the numerical simulations
x, directed away from the hole. show slight deviations from the theoretically expected sym-
The energy densitWey orm inside the hole on the bottom Metry with respect to the hole axiz< 0). This minor asym-
surface approaches zerotat60 fs[Fig. 5b)] and, simulta- Metry is due to the small errors that arise when discretizing
neously, both the photon fuX8S norm andS, norm disappear € cylindrical apertureso_g a rec_tzangular grid.
[Figs. 5a) and 5c)]. On the other hand, the energy level of ~ We find high levels of£} andE; at the top and bottom
Wexnorm ON the upper interface is high at that tinfiEig. metal surfaces, not only inside, but also outside the holes, in
5(b)]. Therefore,Wey norm is able to drive a photon flux particular forEZ. In accordance with Fig.(6), the intensities
'S, norm down the nanohole channét: 60 fs, which transfers at T=110 fs[Fig. 6(a); Fig. 5(b), label d are localized at the
energy from the top to the bottom surface—just the reverséop interface. In contrast, at=125 fs[Fig. 6(b); Fig. 50b),
situation as that described before. Thus, a periodic oscillatiofabel € the values at both interfaces are almost identical and
of the energy between lower and upper interfaces is inducedt T= 135 fs[Fig. 6(c); Fig. 5b), label f] they are localized
As discussed above, this oscillation is damped by scatteringt the bottom interface.

and absorption losses. As can be seen from Fig. 6, boBf andE2 are sharply
S _ _ peaked at the rim of the apertures on the top or bottom sur-
E. Spatial distribution of the electric energy density face. This corresponds to the divergencies known from the

So far, we have studied the dynamics of light propagatiorfhalytic Bethe-Bouwkamp model for an optical field dif-
at fixed spatial positions. Now, we analyze #pmatialstruc- ~ fracted by a smal!ggferture in a very thin plane of a perfectly
ture of the field distributions and their changes in time. weconducting metat™ o o
show that these results give a consistent physical picture of Inside the nanohole channel, the incident SPP field is
light propagation through periodic nanohole arrays. damped and the field intensity decays along thaxis. A

Figure 6 shows the time-averaged squared electric fieldgirly large value ofEZ appears inside the metal along the

strengthsE_f (left) andE_§ (right) in the x-z plane y=0) at  channel, whereas heE is negligible. This is due to the fact
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@ _ 154 — ~130 nm. This value of agrees quite well with the values
] metal film taken from the simulation in Fig. 7.

We also find an approximately exponential decay for the
field distributionE? insidethe nanohole channé&iashed line
in Fig. 7, 0<z<0.lum). Here, the field intensity decays
quite rapidly, on a length scale of about 50 nm.

All together, these results give a quite consistent physical
picture of the light transmission through nanohole arrays in
metal films. The incident light is scattered at the nanohole
grating, transferring momentunt m2/a, to the incident

beam and exciting SPP waves at the metal/air interface. To a
' / good approximation, the field distributions Bf andEZ at
w0 T the metal/air interface can be explained in terms of standing
W -”’: L \'*I\. e SPP waves, which are generated by interfering counterpropa-
-0.1 0.0 0.1 0.2 gating E, or E, surface fields of wave vectok;p’X
Z (pm) =+2mx/a,. Contributions from SPP with larger wave vec-

— — r .
FIG. 7. Time-averaged squared field strengBfsand E2 vs tors kSP,X__ +m2m/a,, m>_2, are 9”'y Weakly e?<C|ted _an_d
coordinatez at times (a) T=110fs, (b) T=125fs, and(c) T  are less important for achieving high transmission. Within a
=135fs. The curves show cross section€gfandE? along lines ~ UNit ceII%round a hole-ay/2<x=a,/2, minima of the
parallel to thez axes of Figs. @—6(c). Solid curves:EZ(x standingE} wave pattern are seen &t *ay/4 in Fig. 6,
=ay/4). Dashed curvesE2(x=0). Dotted curvesEZ(x=ay/2). whereas minima oE§ waves are found axk=0 andx=

+ay/2. This means that thE_f andE_§ wave pattern are

thatE, is parallel to the interface inside the nanohole channelyiteq byay/4 against each other along theaxis. The cal-
whereas it is perpendicular to the interface on the upper an(cjulated S ;tial distribution foE2 closely resembles that
lower surfaces. The inverse holds fag. The SPP field is P x y

essentially longitudinal in the metal but transversal in air.Probed in recent near-field measuremefit¥he sumEg
Therefore the transverse componentoflecays abruptly at + EZ that is basically the total field energy density is similar
the interface, whereas the longitudinal part is exponentiallto that recently simulated in time-independent calculations
damped inside the metal on a length scale that is given by thir the field amplitudé?
skin depth. This SPP field at the metal/air interface now couples into
Figure 7 displays some of the important features of Fig. &he nanohole channel. Under our conditions, the nanohole
in more detail: The solid curves show cross sectionp&t  channel can effectively be considered as a cylindrical wave-
X=*agy/4 along thez axis, i.e., perpendicular to the plane of guide beyond cutoff, i.eA>\.. Its maximum cutoff wave-
the array. The dashed and dotted curves show cross sectiolehgth A .~ 7d/1.841 (Ref. 35 is about 210 nm ford
of E_i along z crossing thex axis atx=0 or x=*a/2, =125 nm, and thus much smaller than the incident wave-
respectively. The dotted and solid cross sections are taken ingth ofA =530 nm. Thus, for a nanohole channel in a per-
the peak values of thE_f andE_§ standing waves on the fectly conducting metal, there exists no propagating mode.
metal surfaces at=0, h. Only evanescent fle!ds_ with a purely imaginary propagation
The dotted curves indicate the rapid dampingEﬁfatx constantk are found inside the channel and coupling through

. o - . = such a channel arises from photon tunneling. As a conse-
=8,/2 Inside the mgtal W_'th',n the skin depth.'F ! quence, the field should decay exponentially along the
however, a steplike discontinuity occurs at the interfacesghannel axis  with a decay lengthL,=1/Im(x)|

Fjgure 7 ;hows that the electric field in air, close to the:ll\/(ZTr/)\C)z—(277/)\)2~38 nm.
air/metal mte_rface, has a strong transvel‘spcomponent For a real metal with a finite conductivity, a set of modes
c_(;mpared with th_e2 longitudinakE, component_. The ratio exists inside the channel which have complex propagation
Ez(x=ag/4z=h)/E(x=a¢/2z=h)~13.0, Fig. 7Ta), constants with a finite real part. Their imaginary part is re-
agrees fairly well with the corresponding raFﬁ/E)z(wlsil duced giving rise to a decay length that can be substantially,
~12.5 for aplanar surface® o i.e., more than an order of magnitude, larger thgrfor a

In air, normal to the interfaces, th& curves on the metal perfect metaf" Due to the finite real part of, the time-
film (dotted ling and theE_§ curves(solid line) display an averaged Poynting vector is generally nonzero and thus a

exponential decay, reflecting the strong damping of the spfnite power flow exists along the channel, as can be seen in
field with a decay length of about 150 nm. An analytic ex-19S- 3 and &). Our simulations show a decay of the field

. — =7 . intensity on a 50 nm scale, i.e., a decay lendth
frressmlnr:‘orr ;[:te r?ecay ﬁgnrstagtﬁ ;md Elz \I/\S/itinixvn cfmll_y =100 nm, about 3 times larger than for the perfect metal.
or a planar interface and reads a kgpl’ sp.z 19 This indicates that the finite conductivity of the metal en-

: " 2 2 12
lowing from (ksp, )= (w/C)"—ksp <0 (Ref. 8. The decay  pances the coupling efficiency, which is in qualitative agree-
length 2 of E; and E; then becomesz=1/(2|k{,,])  ment with the result recently obtained in Refs. 21 and 23.
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IV. SUMMARY terfaces. This oscillation is damped by Ohmic losses in the
metal and scattering of the SPP field into far-field radiation.
The excitation of SPP waves is directly evidenced by calcu-
lating the spatial electric field componerlig andE, .

The field distribution on the metal surfaces calculated for

In summary, we have presented the first fully three-
dimensional simulation of ultrafast light propagation through
metal films perforated with a periodic array of nanoholes.
Studying the propagation of 10-fs pulses shorter than th L . )
damping time of SPP excitations, we find pronounced tem- € longitudinal component) agrees well with those mea

poral oscillations in the energy flow between the bottom and ured in recent near-field experimefftSimilar experiments

top interfaces of the metal nanohole grating. These oscillaf—iISO support our conclusion that the scattering losses for

) : . small hole diameters can be attributed to the Rayleigh scat-
tions reflect the coupling of SPP waves at both interfaces_ . .
. ering of SPP waves at the nanohdieSo far, experimental

through the nanohole channel. The diameter of the nanoho . .
: . ; : . udies of ultrafast pulse propagation through such nanohole
is the main parameter governing the period and damping o T . L

. . arrays have reported a finite time delay in the transmission.
these oscillations. For small hole diametdrs\/2, the os-

cillation frequency scales with the cross section of the holeIn these experiments, a periodic oscillation of the transmitted

The damping of the oscillations is given by both the absorp light has not been observed. We note that these experiments

tion in the metal and the scattering of SPP waves into far-h ave been performed on samples with relatively large hole

field radiation. The radiation damping scales approximatel diameters ¢>200 nm) and with pulses of a duration that is

. . i Xonger than the damping time. Our results indicate that new
W'.th the four_th power of_the hple diamete?, as for Ray experiments with shorter pulses shall reveal new insight into
leigh scattering of two-dimensional surface waves.

Our results indicate the following physical picture for the the physics of light transmission through nanohole gratings.

propagation of light through these nanostructures. The inci-

dent pu'Ise excites SPP waves at the bqttom interfaqe. .These ACKNOWLEDGMENT

couple into the nanohole channel, inducing a transmission of

energy through the channel. Part of this energy is stored in We thank A. Knorr, J. Fstner, and D. S. Kim for helpful
SPP excitations at the upper interface. This now induces discussions. Financial support by the Deutsche Forschungs-
photon flux in the opposite direction and eventually a peri-gemeinschaftSFB 296 and the European Uniof8QID) is

odic oscillation of the energy between lower and upper in-gratefully acknowledged.

1T. W. Ebbesen, H. J. Lezec, H. F. Ghaemi, T. Thio, and P. A.XA. Krishnan, T. Thio, T. J. Kim, H. J. Lezec, T. W. Ebbesen, P. A.

Wolff, Nature (London 391, 667 (1998. Wolff, J. Pendry, L. Martin-Moreno, and F. J. Garcia-Vidal, Opt.
2H. F. Ghaemi, T. Thio, D. E. Grupp, T. W. Ebbesen, and H. J. Commun.200, 1 (2003).

Lezec, Phys. Rev. B8, 6779(1998. 15A. Dogariu, T. Thio, L. J. Wang, T. W. Ebbesen, and H. J. Lezec,
3S. C. Kitson, W. L. Barnes, and J. R. Sambles, Phys. Rev. Lett. Opt. Lett. 26, 450 (2001).

77, 2670(1996. 185, C. Hohng, Y. C. Yoon, D. S. Kim, V. Malyarchuk, R. Mer,
4W. L. Barnes, T. W. Preist, S. C. Kitson, and J. R. Sambles, Phys. Ch. Lienau, J. W. Park, K. H. Yoo, J. Kim, H. Y. Ryu, and Q. H.

Rev. B54, 6227(1996. Park, Appl. Phys. Lett81, 3239(2002.
SU. Schrder and D. Heitmann, Phys. Rev. @), 4992(1999. 17C. Smnichsen, A. C. Duch, G. Steininger, M. Koch, G. von

6D. S. Kim, S. C. Hohng, V. Malyarchuk, Y. C. Yoon, Y. H. Ahn, Plessen, and J. Feldmann, Appl. Phys. L&®.140 (2000.
K. J. Yee, J. W. Park, J. Kim, Q. H. Park, and Ch. Lienau, Phys!8U. Schrager and D. Heitmann, Phys. Rev. 38, 15419(1998.

Rev. Lett.91, 143901(2003. 19M. M. J. Treacy, Appl. Phys. LetiZ5, 606 (1999.
"Surface Polaritonsedited by V. M. Agranovich and D. L. Mills  2°J. A. Porto, F. J. Garcia-Vidal, and J. B. Pendry, Phys. Rev. Lett.
(North-Holland, New York, 198R 83, 2845(1999.
8H. RaetherSurface PlasmonsSpringer Tracts in Modern Phys- 21, Popov, M. Neviere, S. Enoch, and R. Reinisch, Phys. Rev. B
ics, Vol. 111(Springer, Berlin, 1988 62, 16 100(2000.
9Near-Field Optics and Surface Plasmon Polaritpeglited by S. 22|  salomon, F. Grillot, A. V. Zayats, and F. de Fornel, Phys. Rev.
Kawata, Topics in Applied Physics, Vol. 8Bpringer, Berlin, Lett. 86, 1110(2002.
2001). 233. Enoch, E. Popov, M. Neviere, and R. Reinisch, J. Opt. A, Pure
10| pockrand, Opt. Commuri3, 311(1975. Appl. Opt. 4, S83(2002.
Hw.-C. Tan, T. W. Preist, and R. J. Sambles, Phys. Re%2B  2*S. A. Darmanyan and A. V. Zayats, Phys. Rev.6B 035424
11 134(2000. (2003.

2R, C. McPhedran, G. H. Derrick, and L. C. Botterheory of 2. Smolyaninov, A. V. Zayats, A. Stanishevsky, and C. C. Davis,
Crossed Gratingsin Topics in Current Physics, Vol. 22, edited Phys. Rev. B66, 205414(2002.

by R. Petit(Springer, Berlin, 1980 p. 227. 26st. A. Cummer, IEEE Trans. Antennas Propd,. 392 (1997).
13, Martin-Moreno, F. J. Garcia-Vidal, H. J. Lezec, K. M. Pellerin, ?’Handbook of Optical Constants of Soljdsdited by E. D. Palik

T. Thio, J. B. Pendry, and T. W. Ebbesen, Phys. Rev. |8§t. (Academic, Orlando, FL, 1985

1114(2002. 2/, Taflove and S. C. Hagnes§omputational Electrodynamics:

205415-8



THREE-DIMENSIONAL THEORY ON LIGHT-INDUCED.. .. PHYSICAL REVIEW B68, 205415 (2003

The Finite-Difference Time-Domain Metho#@nd ed.(Artech Phys. Lett.79, 51 (200J.

House, Boston, 2000 32A. V. Shchegrov, 1. V. Novikov, and A. A. Maradudin, Phys. Rev.
advances in Computational Electrodynamics: The Finite-  Lett. 78, 4269(1997).

Difference Time-Domain Methoedited by A. TafloveArtech 3R D. Grober, T. Rutherford, and T. D. Harris, Appl. OBS, 3488

House, Boston, 1998 (1996.
303, W. Goodman/ntroduction to Fourier Optics(McGraw-Hill, 34A. Chavez-Prison and S. T. Chu, J. Microg@4, 421(1999.
Boston, 1996 %R. E. Collin, Field Theory of Guided Wave@nd ed.(Oxford

31B. Lamprecht, J. R. Krenn, G. Schider, H. Ditlbacher, M. Salerno, University Press, Oxford, 1990
N. Felidj, A. Leitner, F. R. Aussenegg, and J. C. Weeber, Appl.

205415-9



