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Abstract: We study theoretically ultrafast light propagation through a
periodic array of holes in a silver film deposited on a dielectric substrate
using a three-dimensional finite-difference time-domain (FDTD)
simulation. We focus on studying the effects of the coherent coupling
between resonant surface plasmon polariton (SPP) excitations at the top and
bottom interfaces of the metal film on the transmission dynamics. In a free
standing film, the SPP excitations at both interfaces are fully in resonance
and pronounced tempora oscillations in the energy flow between the
bottom and top interfaces give evidence for coupling between the
(+1,0) SPP modes via photon tunneling through the holes. Variation of the

dielectric constant of the substrate lifts the energetic degeneracy between
the two modes and thus decreases the coupling and suppresses the energy
oscillations. New SPP-enhanced transmission peaks appear when higher
order modes at the substrate/metal interface are brought into resonance with
the (+1,0) air/metal resonance and efficient mode coupling is achieved.

Both tempora transmission dynamics and near-field mode profiles are
reported and their implications for tailoring the optical properties of these
two-dimensional plasmonic crystals are discussed.
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1. Introduction

Light propagation in periodically nanostructured metal films has been a subject of intense
experimental and theoretical investigations in recent years. These studies gave evidence for
the existence of unexpected transmission properties [1,2] and photonic energy band gaps [1-
6]. Both effects have been connected with surface plasmon polaritons (SPPs), i.e,
electromagnetic surface waves that propagate along the interface between a metal and a
dielectric[7].

Ebbesen and coworkers first observed transmission spectra with extraordinarily high light
transmission at certain wavelengths in metal films perforated with periodic arrays of
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nanometer holes [1,2]. The transmission resonances are energetically close to SPP resonances
at the corresponding metal/dielectric interfaces. It is believed that the excited SPP waves can
support the energy transport through the holes and give rise to the enhanced transmission
observed in the experiments.

Different aspects of light transmission through perforated metal films have been
discussed in a variety of theoretical papers. Among them are time-independent simulations of
light transmission through metallic films with one-dimensional slits [8-11], periodic arrays of
nanometer-sized holes [12-16] and periodic annular aperture arrays [17]. For a recent review
see Ref. [18]. Only few theoretical papers deal with SPP dynamics in perforated metal films:
optical pulse propagation through one-dimensional dlit arrays were studied to some extent in
Ref. [19] and [20]. We have recently reported the first space- and time-resolved study of
ultrafast light transmission through a metal film perforated with nanoholes [21].

Experimental near-field scanning optical microscopy (NSOM) studies of such nanohole
arrays give direct evidence for SPP excitations and insight into the spatial SPP mode profiles
[22]. In general, the SPP excitations a the two interfaces of such an array cannct be
considered as independent entities but represent a pair of coupled modes. Their coupling
depends on the dielectric constants of the sub- and superstrates, below and above the metal
film. Transmission spectra for different dielectric constants were measured and theoreticaly
modeled in [23]. Strongest coupling was found for identical dielectric constants of the sub-
and superstrates. In this case, the SPP resonances a the two interfaces coincide and
particularly large transmission enhancement is expected. A first experimental study of
ultrafast light propagation through metallic nanohole arrays reports a 10 fs time delay [24].
Besides these experiments in the optical frequency range also the transmission of THz pulses
was experimentally studied [25].

In a previous paper [21], we theoretically studied this coupling for a nanohole array in a
free-standing silver film, with air as the dielectric medium at both interfaces. The coupled
system was excited by a femtosecond light pulse, shorter in duration than the relevant
damping and coupling times, and the subsequent light scattering dynamics was investigated in
a FDTD simulation. We showed that the interaction between (+1,0) SPP resonances at the

two interfaces of the silver film, gives rise to pronounced temporal oscillations in the field
intensity transmitted through the nanoholes. Both the damping time and the period of these
oscillations depend significantly on the hole diameter [6,21].

Here, we use the theoretical model of [21] and consider now an additional dielectric
substrate on which the metal film is deposited. Ultrafast light transmission is studied with 10fs

light pulses at A, = 530 nm, close to the SPP resonance at the top air/metal interface for

different values of the substrate refractive index 1<n,<2. The aim of this paper is to
investigate the effects of the coherent coupling between SPP excitations at the top and bottom
interfaces on enhanced transmission through metallic nanohole arrays. Coupling between the
(+1,0) air/metal SPP and different orders of substrate/metal SPP resonances is evidenced and
its effect on enhanced transmission is discussed. The outline of the paper is as follows. In
Section 2 we describe briefly our model. Section 3 presents simulations of the time-dependent
energy flow through the nanohole channels and the energy densities inside the holes at the two
interfaces for different values of n,. In Section 4 we show spatial distributions of SPP near-
field mode profiles on both interfaces at a fixed instant in time, after the incident pulse has
vanished, and Section 5 presents movie sequences on time-dependent spatia SPP
distributions. A summary and conclusions drawn from our calculations are given in Section 6.

2. Theoretical model

We study light propagation through a silver film of thickness h = 100 nm, perforated with a
periodic hole array of period ap = 500 nm and hole diameter d = 125 nm. The film is deposited
on a dielectric substrate and extends to infinity in the x and y direction. An x-polarized
Gaussian pulse of 10-fs full width at half maximum (FWHM) is propagating in z-direction
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and illuminates the metal at normal incidence, see Fig. 1.
Light propagation in the metal is described by Maxwell’s equations that are coupled to an
equation for the light-induced oscillations of quasi-free electrons in the metal (Drude model)

N JH
VxE=—pu, 20 1
XEB=—to— (13)
Lo JE -
VxH=ege,—+J 1b
xH =eg,— (1b)
23 - -
Ty +yJ =g, °E, (10

where E and H are the electric and magnetic field vectors, respectively. J is a current
density (A/cm?) corresponding to the time derivative J =9P/dt of the metal polarization.
Outside the metal film J =0. The parameter ¢ is the relative dielectric constant, with £ =1
for both air and metal and€ = n§ for the substrate. £ =1 for the metal was chosen assuming

that the optical properties of interest in the metal are described by quasi-free electrons in the
conduction band, Eq. (1c), while the contribution of bound electrons in deeper bands is of

minor importance. @, is the plasma frequency of the metal and y a damping rate
characterizing Ohmic absorption losses. Both parameters are related to the complex dielectric
function of the metal ¢, by

2

& (@) = 1_6027[;760. 2

corresponding to the dispersion relation following from Egs (lac). Assuming
£,=-125+i04 a w, =2rc/ A, [26], one gets hw, = 8.6 €V and hy =75 meV. These

values of ¢, are somewhat different from those in Ref. [27], but in better agreement with
measured SPP propagation lengths[28].

(a) side view
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(b) top view by
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s

Fig. 1. Schematic of a metal film perforated with an array of holes and deposited on a substrate
with a refractive index n,. The medium above the film is air. a is the lattice constant, d the

hole diameter and h the film thickness. (a) Cross section through x-z plane. The input wave is
polarized along x and illuminates the bottom metal surface at normal incidence. (b) Top view.
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The electric and magnetic field strengths of the input pulse in the subdrate, linearly
polarized aong x, ae gven by E,(zt)=A,cos[at-(2zn/4,)z] and

Hy i (zt) =0y 1oE, ;, (zt) . Here, A, is taken as a Gaussian shaped function
An:pbexp[—zm(z){(t—to—nsz/c)/ro}z] where A, is the field amplitude. The

parameters t, and 7 are an arbitrarily chosen delay time and the pulse width, respectively.
The spatio-temporal evolution of the field distribution in the air-filled channel connecting

the top and bottom holes is accompanied by a Poynting flow S, :(Ex I-T)Z (W/cm?) along

the z-axis. We define s, =éj S, (x, y)dxdy as the mean value of S, inside one hole, where

the integral is taken over the hole cross section of area F. The time average of s, , taken over
one cycle T=2r/w,, is indicated as S,. Finally, a normalized quantity is introduced,

in?

S, norm = 57/ Sinmax Where §, . =&, A /2 denotes the power density at the peak of the

input signal. In addition, the energy density W, is of interest. For instance, W, :%go E2

describes the instantaneous energy density of E, in air. We define again a mean valuew,, , a
=nlg,A 1 4.

The time-dependent near fields in the metal film are numerically calculated by applying a
three-dimensional (3D) finite-difference time-domain code (FDTD) to Egs. (1la-c), see, e.g.,
Ref. [29]. The incorporation of Eq. (1c) into Yee's FDTD scheme follows instructions given
in Ref. [30], in connection with Eq. (4) therein. The space grid is composed of 200 (x
direction) x 200 (y) x 210 (z) cells with space increments of 2.5nm in each direction. Periodic
boundary conditions are applied to the sides of this unit cell in the x and y directions whereas
perfectly matched layers (PML) terminate the FDTD lattice below and above the metal film.
A computing time of almost 10 hours is needed to calculate the time evolution of the fieldsin
atimeinterval of about 200 fs using a PC with an Intel Pentium 4 processor (2GHz).

Depending on n, different types of SPP modes will be excited at the metal/substrate

time average W,, and an energy density We, o » NOrmalized to w,

n, max

interface. SPPs are characterized by their integer mode indices (p,q), , with i = A for the air
and i =S for the substrate interface. p and q define the components of the plasmon wave

vector IZ =Kg x€ t kg €y inthex-y plane, i.e, kg =127 plag and kg, =279/ 2,

[13]. The dlsperson relation for a SPP mode ( p, q can bewrltten as[7,13]

pq 27rcw/p +0° /g +n 3)

Equation (3) is derived from the SPP dispersion relation for a smooth metal film
(interface) without holes. It is believed to be a good approximation even for perforated metal

films as long as the hole diameter is much smaller than a, [2]. The corresponding vacuum

wavelength of the exciting light is A(p,q), = 2z¢c/@(p,q), .
In the following simulations, the carrier wavelength of the incident light pulse, 4, =530

nm, is much larger than the maximum cutoff wavelength A, =7 d/1.841= 213 nm for a

cylindrical metallic channel of diameter d =125 nm [31]. Thus, light transmission through
the channel is possible only via photon tunneling supported by evanescent fields of
exponentialy decaying amplitude. Strictly speaking, this describes only the situation inside a
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channel of a perfect metal, where the propagation constant is purely imaginary. For a real
metal, however, also damped propagating modes with non-vanishing real part of the
propagation congtants exist [12, 15]. This explains the appearance of a damped real power
flow, i.e.,, a non-vanishing time-averaged Poynting vector along the channel axis, as well as
enhanced light tunneling through the channel in the case of finite conductivity.

3. Calculated power flow and energy density inside a hole channel

In this section, we first analyze the temporal dynamics of the photon flux inside the
nanoholes. Figure 2 shows the time evolution of the mean photon flux density s, ., inside a
hole channel at the bottom (black lines) and top (red lines) surfaces for various values of the
refractiveindex n, of the substrate. The photon flux is directed upward, from bottom to top, if

S, norm > 0 and downward if s, ..,y < 0. Theincident 10 fs pulseisindicated in Fig. 2(a).

B IR S e — = 10 (a) 1.00
r(a = ottom, a n =1L

0.6 (@) n=1.00 —top 1] s

ool / \ o~ Input_1 0.14
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00— e — 0.01
201 (e) n=1.80] 14
101 A\ T 0.1
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Fig. 2. Photon flux density s, Vvstime in a hole Fig. 3 Field energy density w,, ., Vvstimeinside a hole

channel at z = 0, (bottom interface, black) and z=h (top a4t 7= 0 (black line) and at z= h (red line) for n, = 1.00
interface, red) for substrate refractive indices ns = 1.00 to t01.80
1.80, (8)-(€). Theinput pulse (green) is shown in (a). 01.80, (39)(¢)-

In Fig. 3 we compare these results to the time evolution of the mean electric field energy
density W, .. inside a hole at the bottom (z=0) and top (z=h) interface. One sees that

the curves in Figs. 2(a), (c) and (€) on one hand and those of Figs. 2(b) and (d) on the other
hand are significantly different. Figures 2(b) and (d) indicate a noticeable photon flux only as
long as the incident pulse is present. The curves in Figs. 2(a), (c) and (e) show quite
pronounced, rather long lived oscillations persisting after the incident pulse vanished (t >
40fs). Similar oscillations are also seen in Figs. 3(a), (c) and (e). These oscillations occur
when the excitation laser is resonant with SPP excitations a both the bottom and top
interfaces and directly reflect the coherent coupling between SPP excitations at both

interfaces. Using Eq. (3) one finds SPP resonances (p,q)s at the substrate interface at
A(£1,0) =521 nmat n,=1.0, A(+1+1) =525 nmat n =137 and A(+2,0), =523 nm
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a n,=1.80. For n, =1.20 and n, =1.55, however, al resonances are detuned by more than

50 nm from the air/metal SPP resonance 4(+1,0), =521 nm.

In al cases, a considerable fraction of the incident pulse is directly coupled into the
nanoholes, tunnels through the holes and is emitted into the far-field on the other side of the
metal film (first peak in Figs. 3(a-€)). Another fraction is coupled into SPP radiation at the
metal/air interface. This fraction may either be reemitted into the far field by scattering off the
nanoholes or be absorbed by the metal due to Ohmic losses.

Previous results from a 1-D dlit model indicate a strong initial response to an incident 10 -
50 fslight pulse followed by intensity oscillations persisting, surprisingly, for more than 100fs
[20]. A guantitative comparison of our results to those of Ref. [20] is difficult, in particular,
since the transmission spectra in [20] seem to depend on the incident pulse duration which is
not expected for linear optical spectra. Our results are in quite good qualitative agreement
with experiments on THz pulse transmission through two-dimensiona aperture arrays in
metals [25]. There a non-resonant transmission related to the simple transmission through the
apertures was found being followed by a resonant transmission (periodic oscillations) related
to the interaction of the THz pulse with SPP excitations. A more quantitative comparison
requires to consider the different geometries and dielectric functions which is beyond the
scope of this work.

In the case of nonresonant SPP excitation (n,=1.20 and 1.55), the approximately
exponential decay of the second peak in Fig. 3(b,d) directly reflects the lifetime of these SPP
excitations of about 20 fs. This short lifetime is mainly determined by radiative scattering
losses at the holes [6]. The presence of these two distinct transmission channels, direct
tunneling through the holes vs. SPP re-radiation gives rise to a non-exponential decay of the
energy density a the metal/air interface.

In the case of resonant SPP excitation (n, = 1.0, 1.37 and 1.80), the incident pulse, in
addition to being directly coupled into the nanohole channel, can now also excite SPPs at the
bottom interface. Thus, coherent coupling between SPP modes at both interfaces, mediated by
photon tunneling through the holes, may now influence the transmission dynamics. This
coupling can well be described in a classical coupled mode model. The coupling induces an

energy transfer between both modes with ayield p =|V /©|" and a besting period T =7/

with Q =Aw?/4+ N[, where, Aw=w(10), —a(p,q), is the detuning between the two
coupled SPP modes and |V | isthe coupling strength.

For n,=1.0 the coherent coupling effects are most pronounced and give rise to the
periodic energy transfer between top and bottom interface (Fig. 3(a)). In this case, the SPP
eigenmodes at both interfaces are degenerate and the beating period T :7r/|V| is a direct
measure of the coupling strength. The beating period of T =50 fs corresponds to a coupling
strength of about 40 meV. Here, p=1, i.e., the energy transfer between both modes is

complete, in quite good agreement with the simulated results. The overall damping of the
energy density occurs on a 50 fs time scale, much slower than in the off-resonant case. This
suggests that the newly formed coupled SPP mode is less efficiently scattered into the far-

field than the uncoupled (1,0) , mode. This quite surprising result needs further theoretical
investigations of the interplay between the spatial SPP mode profile and radiative damping.
For n, = 1.37, the SPP resonances a the two interfaces, (1,0), and (11), are no longer
identical but their detuning israther small, Aw= 18 meV. The beat period seen in Fig. 3(c) is
T ~ 60 fs and one obtains V|~ 34 meV and p~ 0.94. Thus, both |V| and p are only
slightly different from the valuesfor n, =1.0. A marked difference between Figs. 3(a) and (c)
is the faster decay of the energy density for n, =1.37 (about 30 fs), indicating a stronger
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radiative damping of the coupled SPP mode for n,=1.37. The values deduced for the
coupling strength, detuning and transfer probability are similar for the case of n, =1.80. The

most pronounced difference between the transmission dynamics in Figs. 3(c) and 3(e) is the
stronger radiative damping for n, = 1.80, now occuring on atime scale of about 22 fs.

The more rapid damping with increasing n, is likely to reflect the increase in SPP
scattering rate at the bottom interface which results from the smaller effective wavelength
within the dielectric. The observed trend is at least in qualitative agreement with the Rayleigh
scattering model for SPP damping [6].

In both nonresonant cases the detuning Aw is large (more than 100 meV) and thus

Aw/2>|V|.Then T and p reduceto T = 27/Aw and pz|2\//Aw|2.OnegetsT: 95fs

for ng=12 and T = 12 fsfor n, =1.55. These times agree quite well with the modulation

periods (11 fs and 15 fs) of the ripples on the curves of the energy density at the bottom
interface (Fig. 3(b,d)). Thisreflects an inefficient energy exchange, p < 1.

In Ref [21] we have calculated the photon flux through hole arrays of different hole
diameters d in a free-standing metal film. It was found that the beating period T decreases
with increasing d. This means that the coupling strength V increases with d. On the other
hand, one expects that V decreases with increasing thickness h of the metal film, since in a
two-dimensional hole array the coupling between the fields on the two surfaces is essentially
due to photon tunneling and thus the coupling decreases with increasing h, see also [14]. This
is different for 1-D or dlit gratings [12] where at least one propagating mode exists and thus
pronounced Fabry-Perot effects may lead to a nonmonotonous variation of the coupling
constant.

These results indicate that a classical coupled mode model reproduces many of the trends
observed in our simulations. The important parameter in this description is the coupling
strength V. It is generdly proportiona to overlap integrals of type

I :UJ' Eps (X Y)Epa(xY) dxdy‘, where E_ ¢ and E,,, denote the SPP eigenmodes at the
lower and upper interfaces, respectively. Assuming that the integration extends over one unit

cell [16], one sees that | has a maximum value in the degenerate case, Esp,s =By

corresponding to (1,0) excitation at both interfaces. For excitation of (1,1), or (2,0), modes

at the lower interface, however, the overlap integral is equal to zero, in contrast to the results
of the full simulation. Much better agreement is achieved by assuming that integration extends

only over the nanohole area F. We show in Section 4, that for all SPP eigenmodes ( p,q) , the

spatial mode profile inside the nanoholes is rather well described by the diffraction pattern of
a single aperture [32,33] and rather independent of the actual values of p and q. Thus

similar magnitudes of the coupling strength are expected for the cases considered in Fig. 3
(a,c,e), in agreement with the actual simulations. This indicates that it is indeed appropriate to
take integrations over the hole area to estimate the coupling. Similar overlap integrals may
also be used to quantitatively describe the radiative damping of SPP modes.

Finally we emphasize that while such a simplified coupled mode picture is well suited for
understanding the SPP coupling dynamics, it cannot reproduce the complex, asymmetric line
shapes of the observed far-field transmission spectra. In the spectral domain, the non-
exponential decay due to the interference between direct nonresonant transmission due to
photon tunneling and resonant SPP reradiation translates into a complex, asymmetric Fano-
like lineshape, as recently suggested theoretically [34] and confirmed experimentally [35].
The spectral lineshape of far-field transmission spectra resulting from our simulations will be
addressed in detail elsewhere.
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4. Spatial near-field SPP mode profiles

The time-dependent pulse transmission results presented in Section 3 indicate that the
transmission dynamics and thus the linear optical spectra of these nanostructures depend
critically on the spatial near-field profiles of the excited SPP modes. Here, it is important that
both the spatial and polarization properties in the optical near-field of the metal nanohole
array are much different from that of the incident and transmitted far-field beam.
Experimentally, one finds that as long as the wavelength of the incident pulse is larger than
the grating congtant a,, the polarization, propagation direction and beam divergence of the
transmitted beam is almost identical to that of the incident beam, as only the zeroth diffraction
order of the grating is transmitted. Yet, the diffraction of the incident beam at the
subwavelength holes gives rise to polarization conversion and rather complicated mode
profiles in the optical near-field which so far have been studied experimentally [22] and
theoretically [13,21] only to a limited extent. Here, we discuss the mode profiles for two
specific values of the substrate refractive index, n,=1.37 and 1.80, corresponding to

excitation of (11)¢ and (2,0), SPP modes at the metal/dielectric interface, respectively.
41n, =137

Figures 4 and 5 show spatial field distributions for a substrate refractive index of n, =1.37.
The data are taken at a fixed instant in time, t =45 fs, i.e., 15 fs after the maximum of the 10
fsincident pulse, atime when the incident pulse has aready vanished but still some energy is
stored in SPP excitations. The top images show the distribution within a unit cell around one
hole in the x-y plane in air at z=h+2.5 nm, i.e., 2.5 nm above the metal/air interface. The
plots at the bottom apply to a plane in the substrate, z=-2.5 nm, 2.5 nm below the lower
metal surface. Different polarization components of the longitudinal electric fields are shown

in Fig. 4, namely (8) EZ , (b) E2 and () E2+E2 . Figure 5 shows the squared field strength

of thetransversal field, E_Z2 , polarized perpendicular to the interfaces.

An important result of these simulations is that the near-field distribution on both
interfaces can be separated, to a fairly good approximation, into two distinct contributions: (i)
the near-field inside a nanohole aperture and in its immediate vicinity, (ii) the SPP field on the
flat metal surface. Thisis different from previous theoretical predictions[13].

The spatia distribution and polarization dependence closely above (top surface) and
below (bottom surface) a nanohole agrees well with the results from the anaytic Bethe-
Bouwkamp model which describes the diffraction of a linearly polarized optical field by a
small hole in a thin, perfectly conducting metal film [32,33]. Specifically, it predicts the

excitation of rather strong E, and E, polarized fields, and the sharp peaks at the rim of the

aperture. Outside the aperture, the model predicts E_§:E_f: 0 because of the perfect

conductor assumption. The finite conductivity of areal metal modifies the Bethe-Bouwkamp
solution by spatially smoothing the divergencies at the rim and allows for non-vanishing
longitudinal fields on the metal surface in the vicinity of the aperture.

Also, for real metals, evanescent SPP modes can be excited which can then propagate
along the metal surface. The SPP field on the flat metal surface reflects the interference
pattern of the different SPP modes excited by the diffraction of light at the nanohole grating.

Fig. 4(a) (top), e.g., shows a stripe pattern of E_f with a modulation period of a,/2, with
peak intensitiesat x=ta,/2and x=0, perpendicular to the incident polarization direction.

Equation (3) predicts resonant excitation of (+1,0), SPP at the metal/air interface.
Accordingly, these patterns are due to the interference of counter-propagating SPP-fields
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running along the x-direction with wave vectors kg, , =+27/a, and kg, =0, in good

agreement with the experimental findings [22]. Higher order SPP modes with

Ky x =Em27z/a;,,m>1 are much less efficiently excited.

-a /2 -a /4 3 aj4 -aj2 -af4 3 al4 -a/2 -a /4 3 aj4 a2

Fig. 4. Spatial distribution of time-averaged squared electric field strengths (8) EZ, (b) EZ,

(© Ef+€j in the x-y planes of the substrate/metal interface (bottom row, z=-2.5 nm) and
the air/silver interface (top row, z=h+2.5 nm) at time t = 45fs. The refractive index of the
substrate is ng = 1.37 and the incident beam is polarized along the x-direction. A logarithmic

color scaleis used. Theintensity of Ej at the top interface (b) is enhanced by a factor of 10.

The SPP mode at the bottom, substrate/meta interface, shows a more complicated wave
pattern with a period of a,/2 aong both the x- and y-direction [Fig. 4 (bottom)]. The

essential features are described by interference of (+1,+1), SPP waves. To show this in a
simple way we consider two monochromatic SPP fields, E, and E_, with

E. ={cos[ et +k(x+y)]+cos| at—k(x£y)]}(e +€,) and k=|k5p'x =|ksp’y| The field

E+is composed of an (+1+1) wave (Kepx =Kgy =+27/a,) and a counter-propagating
(-1,—1) wave whereas E_ is a superposition of (+1-1) and (-1,+1) waves. From E, and

E  we get timeaveraged squared field strengths E? e cos? (kx)cos? (ky) and
E_yzoc sin?(kx)sin®(ky) , which are similar to the wave pattern in Fig. 4 (bottom row). This
excitation of the (£1, il),S modes is expected from the simplified dispersion relation, Eqg. (3).
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-a0/2 -a0/4 0 a0/4 a0/2

Fig. 5. Same as Fig. 4 but squared z-component of the electric field, E? at the substrate/silver

interface at z=-2.5nm (a) and at the air/silver interface at z=h+2.5 nm (b). A logarithmic
color scaleis used.

The spatial distribution of the transversal z-component of the electric fields E_Z2 at the
air/metal interface, Fig. 5(b), shows a standing wave with a period of a,/2 and maxima at

x=ta, /4, phase shifted by Ax=a,/4 with respect to E’. The same phase shift

Ax=a, /4 is aso seen when comparing E_Z2 and E_f at the substrate/silver interface (Figs.

5(a) and 4(a)). These phase shifts result directly from Maxwells's laws for evanescent SPP
waves.

It is important to note that the appearance of polarization mixing and the excitation of
(+1,£1) SPP modes in the present case of input polarization along the x-axis is caused by the
diffraction of the incident light at subwavelength holes and only occurs in the optical near-
field of the film. The transmitted far-field is polarized along the incident polarization direction
and is a plane wave propagating along the z-direction. The results show that the metal
nanohole array basically serves as an efficient spatial SPP mode filter, selecting primarily

(£1,0), SPP modes at the top and (+1,£1), SPP modes at the bottom interface, as predicted

by the dispersion relation for a planar metal film.

Finally, we point to the fact that the separation of the near-field into a Bethe-Bouwkamp
solution inside and in the immediate vicinity of the holes and planar metal film SPP modes
outside the holes is of course only an oversimplification and some perturbations occur in the

vicinity of the holes due to the coupling between both fields. For excitation of low order (1,0)
and (1,1) SPP modes these perturbations are relatively small.

42.n,=1.80

Figure 6 shows the spatial distributions of (a)E_f and (b)E_Z2 on the air/metal interface (top)
and the substrate/metal interface (bottom) for a substrate of refractive index n, =1.80. The

field distribution at the top interface is very similar to that for n, =1.37, i.e., only weakly

affected by the coupling between SPP at the top and bottom interfaces. The spatial distribution
at the substrate/metal interface near the nanoholes is again well described by the Bethe-
Bouwkamp solution. The SPP intensity pattern outside the holes now shows a modulation
period of a,/4, i.e, results from interference of counterpropagating SPP waves with wave
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vector kg, , =+47/a,. This excitation of (+2,0), modes directly follows from Eq. (3). The

spatial shift between the mode patterns of E_f and E_Z2 by a,/8 can be understood again by
applying Maxwells' laws to the evanescent SPP fields.

€Y E’ (b) E?

al?

T T T ' T T T T 1
-a,/2 -a/4 0 af4 aj2 -af4 0 ald aj2
Y Y
Fig. 6. Time-averaged squared field strength on the substrate/silver interface (bottom row) and
the air/silver interface (top row) at timet = 45fs (logarithmic color scal€). (a) Ef , (b) Eiz . The
refractive index of the substrate is n,= 1.80. The intensity scale for Eiz at the bottom
interfaceis from 0.01 to 10.

Looking at these results in some more detail, one finds that the simplified interpretation
in terms of diffraction by a single aperture and SPP modes of a planar metal film holds not
quite as well as in the case of n,=1.37. The coupling between these two contributions
explains the differences.

5. Spatio-temporal evolution of the SPP fields

In the following we present movie sequences of the temporal development of the spatial SPP
near-field distribution after impulsive excitation for three different values of the substrate

refractive index, n,=1.00(Fig. 7), n,=1.37(Fig. 8), and n,=1.80(Fig. 9). These figures
show the sum of the sguared field strengths of the longitudinal field components
EZ(x ¥, zt)+E}(x y,zt) in an x-y plane slightly below the lower interface, z=-2.5nm
(left plot) and slightly above the upper interface, z=h+2.5nm (right plot). We note that the

contribution of the y-component E?(x, y,zt) is significant only for n =137 and is

negligibly small in the other two cases. The squared fields are averaged over one optical
cycle. The movie sequences comprise a time interval between 15 fs and about 200 fs. The
peak intensity of the incident 10fs pulse arrives at the bottom interface at t = 30 fs. Four hole
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apertures with centersat x=+0.25 pm, y=10.25 pmand x=-0.25 um, y=+0.25 pm are
included in each plot.

(a) bottom (b) top t=40fs
a, 0.2
—
_~ -~ -~ -~
a2l & - - - -
=< 07
FR e
-~ P ~ -~
-a,/21 - - ~r ~ 0.001
1 T T T T T T T 1 I T T T T T T T 1
-a, -a0/2 3 a0/2 -a, -a/2 3 a2 a,

Fig. 7. Movie sequences showing the time evolution of squared electric field strengths,
averaged over one optical period T =27/w, in the x-y-plane (logarithmic color scale) at (a) the
bottom (t = 40fs) and (b) the top interface (t = 40 fs) for a freestanding metal film, n, = 1.00,
and excitation with a 10fs optical pulse (3.9 MB movie).

Figure 7 displays the dynamics of E_f+E_y2 in the case of a free-standing metal,

n, =1.00, where (+1,0) SPP Bloch modes are excited at both interfaces. One sees that the

spatial field distribution does not vary significantly with time, apart from the interval between
20 and 40 fs, when the incident pulse is still present at the bottom interface. During its
presence, the field intensity at the hole centers is much stronger than at later times. This
reflects the transmission dynamics due to photon tunneling. Due to this direct tunneling, a
considerable fraction of the field intensity appears with a delay of only 1 to 2 fs at the
metal/air interface. The intensity profile of this initial transmission peak basically follows the
time profile of the incident pulse (see aso Fig. 3(a)). Thisindicates that time delays associated
with the transit time of photons through the nanohole channel are negligible. After thisinitia
pulse has vanished, see e.g. the images at t=40 fs, the mode patterns are governed by SPP
interference. In our simulations we find at least five periods of coherent energy exchange
between the bottom and top interfaces, reflecting a SPP lifetime that is much longer than the
10 fs pulse duration.

Finite time delays have recently been observed in ultrafast pulse transmission
experiments [24,6]. Our results indicate that such delays reflect the finite lifetime of the SPP
excitation and not the photon tunneling of only 1 to 2 fs. Such delays will be seen in
transmission experiments performed with pulses that are longer in duration than the SPP
lifetime, whereas the full and complex SPP time dynamics will only be revealed if much
shorter pulses with durations in the 10 fs range are used. In the case of a freestanding metal
film with sufficiently small hole diameters and thus long SPP lifetimes [6], this dynamics is
largely dominated by the periodic and amost complete energy transfer between SPP modes at
bottom and top interfaces, as seen from the time evolution of the SPP field at times larger than
40fs.
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Fig. 8. Movie sequences showing the time evolution of squared el ectric field strengths in the x-
y-plane (logarithmic color scal€) at (a) the bottom (t = 40 fs) and (b) the top interface (t = 40 fs)
for n, =1.37, and excitation with a 10fs optical pulse (3.4 MB movie).

The spatio-tempora evolution of E_X2+E_5 for n,=1.37 (Fig. 8) at the top air/metal
interface is similar to that seen in Fig. 7 and reflects again the initial nonresonant tunneling
contribution a early times and the coherent coupling and energy exchange between SPP
modes at both interfaces at later times. Now the damping time of the SPP fields is much
shorter than for the freestanding films and amounts to about 30 fs instead of 50 fs for
n,=1.0.

(a) bottom (b) top t=40fs

o
(V)

o
o
o
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0 0 Y 0 0 0 Y

Fig. 9. Movie sequences showing the time evolution of squared electric field strengthsin the x-
y-plane (logarithmic color scal€) at (a) the bottom and (b) the top interface for n, = 1.80, and
excitation with a 10fs optical pulse (2.8 MB movie).

The field distributions at the bottom interface now reflects the interfering (+1,+1) SPP

modes. The initial SPP field dynamics during the presence of the inicident pulse is rather
complex and shows the rapidly changing interference pattern between incident laser pulse and
resonant SPP excitations.

Thefield dynamicsfor n, =1.80 (Fig. 9) isin general rather similar to that for n, =1.37,

apart from the fact that now (+2,0) SPP modes are excited at the lower interface. The faster

SPP damping time now limits the number of clearly visible energy transfer cycles between
bottom and top interface to 2.
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6. Summary and conclusions

In summary, we have presented a three-dimensional time and space resolved simulation of
ultrafast light propagation through a silver film perforated with a periodic array of nanoholes.
We have studied the propagation of 10 fs optical pulses shorter in duration than the damping
time of SPP excitations. The wavelength of the input pulses was chosen such as to excite
(+1,0) SPP Bloch modes at the top air/silver interface and the refractive index of the substrate

was varied in order to study coherent coupling dynamics of SPP excitations at both interfaces
of the metal film.

Several important conclusions can be drawn. First, spatial near-field profiles give direct
evidence for the resonant excitation of surface plasmon polaritons at the surfaces of the metal
film and support modelsthat describe the optical properties of these nanostructures as those of
a plasmonic crystal. Two distinct transmission channels exist. First, a fraction of the incident
light directly tunnels through the hole channdl and is rescattered into the far-field on the other
side of the film. The transit time of this nonresonant tunneling contribution is negligibly
small. Second, SPP can be excited at either interface by the grating coupler effect at certain
resonance energies. SPP modes a the top and bottom interfaces are coupled via photon
tunneling through the nanohole channel and eventually rescattered into far-field radiation. The
simulations indicate that for small hole diameters, i.e.,, sufficiently long radiative SPP
lifetimes, a strong coupling regime can be achieved between SPP Bloch modes of different
order at the two interfaces if these modes are energetically tuned into resonance by variation
of the substrate refractive index. Models based on coupled mode theory account for this
behavior. The linear optical far-field transmission spectra result from the interference between
these two transmission channels mentioned above. Our results not only shed light on the
complex SPP dynamics in these quasi-two-dimensional plasmonic crystals but also suggest
different strategies for tailoring their optical properties. Specifically, the quality factor of the
SPP transmission resonances can be enlarged by tailoring the radiative SPP damping time and
transmission enhancement can be improved by optimizing the coupling between SPP modes
at both interfaces. This makes plasmonic nano-crystals interesting building blocks for future
nano-photonic devices with applications, e.g, in nano-photolithography or ultrafast
microscopy.
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