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Femtosecond Light Transmission and Subradiant Damping in Plasmonic Crystals
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We report the first observation of subradiance in plasmonic nanocrystals. Amplitude- and phase-
resolved ultrafast transmission experiments directly reveal the coherent coupling between surface
plasmon polaritons (SPPs) induced by periodic variations in the dielectric function. This interaction
results in the formation of plasmonic band gaps and coupled SPP eigenmodes with different symmetries,
as directly shown by near-field imaging. In antisymmetric modes, radiative SPP damping is strongly
suppressed, increasing the SPP lifetime from 30 fs to more than 200 fs. The findings are analyzed within a
coupled resonance model.
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Surface-bound electromagnetic waves on metals, so-
called surface plasmon polaritons (SPPs), will play a key
role in novel photonic structures, promising an unpre-
cedented amount of microscopic light control [1–4].
Nanohole and nanoslit arrays in metal films are a particu-
larly important model system for SPP nano-optics. In such
plasmonic crystals, recent time-resolved experiments have
demonstrated a strong SPP-coupling to far-field radiation,
limiting SPP lifetimes to few tens of femtoseconds [5,6].
This poses a constraint on using these structures in novel
elements such as plasmonic resonators or nanowaveguides.
The question arises how to control radiative SPP damping
in order to overcome these constraints.

In general, radiative decay phenomena can be strongly
modified by coherent couplings between the relevant opti-
cal excitations. For two resonant systems, e.g., two atoms
separated by less than one wavelength, the radiative cou-
pling leads to the formation of collective states and
cooperative effects in their radiative decay, namely, super-
radiance and subradiance [7]. Specifically, subradiance
reflects the suppression of radiative damping of the collec-
tive state with antisymmetric character of the wave func-
tion. These phenomena are of great interest as they play a
dominant role in the optical properties of many dense,
microscopic systems, e.g., trapped ions [8], Bose-
Einstein condensates [9], molecular aggregates [10], or
coupled semiconductor quantum dots [11] and wells [12].

In plasmonic crystals, both the coherent coupling be-
tween polaritonic excitations and their coupling to the
radiation field is induced by periodic variations of the
dielectric function [13]. Whereas the resulting band gap
formation has received much attention, there are only a few
studies of coupling-induced phenomena in the radiative
damping of polariton modes [14,15].

In this Letter, we report the first experimental evidence
for subradiant damping in plasmonic crystals. Ultrafast
pulse transmission experiments demonstrate a more than
sevenfold enhancement of SPP lifetimes induced by the
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coherent coupling among SPP modes. Near-field optical
measurements show directly that the formation of antisym-
metric modes is the origin of the radiative damping
suppression.

We investigate 150 nm thick gold films deposited on
100 �m sapphire substrates and perforated with linear
arrays of 50 nm wide slits with periods a0 of 650 and
750 nm. Such narrow slits were chosen to minimize radia-
tive damping [5]. The samples are illuminated with weakly
collimated 11 fs light pulses from a Ti:sapphire oscillator
centered at a wavelength of 800 nm, linearly (TM) polar-
ized perpendicular to the slits. The incident electric field is
characterized by spectral phase interferometry for direct
electric field reconstruction [16]. Interferometrically het-
erodyning the incident and the transmitted pulses, we
determine the transmission function via spectral interfer-
ometry [17]. With the amplitude and phase of both, the
incident pulse and the transmission function of the nanoslit
array, we compute the electric field at the output of the
array and determine its temporal structure via a Fourier
transform. In further experiments, SPP mode profiles are
spatially and spectrally resolved with a near-field micro-
scope in transmission geometry for TM-polarized excita-
tion [5,18].

In such nanoslit arrays, SPPs at both the air-metal (AM)
and the sapphire-metal (SM) interfaces of the metal film
can be resonantly excited by grating coupling, transferring
momentum �k � p � G � p � 2�=a0, with an integer p, to
the incident photons [4]. Excitations at the two interfaces
are coupled via the nanoslit wave guide channel, and two
different pathways can contribute to the transmission
through these plasmonic crystals [19,20]: nonresonant di-
rect transmission through the nanoslit wave guide and
resonant excitation and subsequent reemission of SPPs.
Time-resolved measurements of the electric field of 11 fs
incident laser pulses and of the pulses transmitted through
a nanoslit array with a period of 650 nm [Fig. 1(a)] give
direct evidence for this picture. The time structure of the
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FIG. 2 (color online). Angle-resolved transmission T�!; �� (a)
and phase ’�!; �� for a nanoslit array with a0 � 650 nm. Open
circles: SPP band structure !j��� near the crossing of SM[ � 1]
and SM[ � 2] resonances, obtained by fitting to Eq. (1). A band
gap of 72 meV is revealed.

FIG. 1 (color online). (a) Time structure of the electric field
Ein�t� of the incident 11 fs pulses and of the pulses Eout�t�
transmitted through a nanoslit array with a0 � 650 nm at
an angle � of 8 �. (b) Representative transmission spectrum
T�!� � jEout�!�=Ein�!�j

2 and (c) spectral phase ’�!� �
arg�Eout�!�=Ein�!�	 (open circles) near the SM[ � 2] resonance.
Solid lines: Fit to Eq. (1) with parameters indicated in (b).
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transmitted field reveals these two distinct components: the
initial peak around time zero mainly reflects the nonreso-
nant transmission, whereas the long-lived signal persisting
beyond 30 fs is due to resonant SPP reemission.

In the spectral domain, the interference between these
two channels gives rise to asymmetric Fano-like line
shapes in the far-field transmission spectra T�!� �
jt�!�j2 with

t�!� � anr �
X
j

bj�je
i�j

!�!j � i��j � �j�
: (1)

Here anr is a slowly varying amplitude and bj and �j
characterize amplitude and phase of the SPP resonances.
The real frequencies !j correspond to SPP resonances at
either the AM or SM interface [21]. The resonance width
contains two contributions: a nonradiative damping �j due
to absorption in the metal, and the radiative damping �j of
the SPP modes, which is in most cases dominant [5].
Figs. 1(b) and 1(c) show the intensity T�!� and phase
’�!� � arg�t�!�	 of the transmission function at a
sapphire-metal resonance (open circles). A simultaneous
fit to Eq. (1) including only a single resonance (solid lines)
at �h! � 1:538 eV indicates quite good agreement with
experiment. It shows, in particular, that for a single SPP
resonance the total linewidth �h��� �� � 10:3 meV is
much larger than the intrinsic Ohmic losses on a planar
gold film of about �h� � 2:5 meV. Thus, the resonance is
predominantly radiatively broadened and the SPP lifetime
T1 � 1=2��� �� is about 32 fs.

This quantitative understanding of the line shape func-
tion is the key to the analysis of coherent SPP couplings. To
investigate band gap formation and radiative decay phe-
nomena, we have performed angle-resolved spectral inter-
ferometry on an array with 650 nm period, chosen for
optimum overlap of the SM[ � 1;�2] resonances with
11390
the laser spectrum. In such experiments, the in-plane mo-
mentum kx �

!
c sin�� p � 2�=a0 and thus the resonance

energy of the excited SPP mode is continuously varied by
changing the angle of incidence �, allowing for a mapping
of the SPP band structure [4,21]. Figure 2 shows trans-
mission spectra T�!; �� and ’�!; �� between 700 and
900 nm. Resonances connected to SPPs on both sides of
the gold film, namely, AM�p � 
1	 and SM�p � 
1; 2	,
are clearly resolved. At all angles, the spectra and the phase
curves are consistently modeled by Eq. (1), taking the
relevant SPP resonances into account.

This analysis allows to precisely measure the SPP band
structure!j���. The resulting frequencies near the crossing
of SM[�1] and SM[�2] around 36� are plotted as open
circles in Fig. 2(a). One observes a clear anticrossing of the
SPP bands with a band gap energy of about 72 meV.

Near the crossing, there are pronounced variations of the
intensities and linewidths of the two modes. In particular,
as � approaches the crossing, the lower energy mode
becomes narrower until the transmission intensity begins
to decrease. This reduction in linewidth reflects the sup-
pression of radiative SPP damping due to the coupling of
SM[�1] and SM[�2] resonances.

Both subradiant SPP decay and band gap formation are
expected to be intimately connected with the formation of
new coupled SPP eigenmodes of different spatial symme-
try [7,22,23]. To demonstrate this link, we have performed
spatially and spectrally resolved near-field measure-
ments near the crossing of two air-metal bands. We
switched to an array with a0 � 750 nm, redshifting all
resonances by about 100 nm and providing better overlap
of the AM��1	=AM��1	 crossing with the laser spectrum.
Here the far-field transmission spectra near normal inci-
dence [Fig. 3(a)] show two asymmetric transmission peaks,
a spectrally broad and intense low energy resonance at
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1.55 eV (bright mode) and a much narrower and weaker
high energy peak at 1.62 eV (dark mode). Angle-dependent
far-field spectra displayed in Fig. 3(b) reveal a drastic
change in linewidth of the dark mode for small incidence
angles. This linewidth decrease corresponds to a sevenfold
increase in SPP lifetime T1 to more than 200 fs when � is
reduced from 1.2 to 0.5 degrees [Fig. 3(c)].

Near-field maps of the SPP field at these transmission
resonances are displayed in Fig. 4(a). Here, the sample was
illuminated from the substrate side with slightly focused
(opening angle �� � 2 �) monochromatic light from a
Ti:sapphire laser at � ’ 0 �. The intensity of the transverse
field component I�x� was probed through a fiber tip with a
50 nm thick Al coating and a 100 nm aperture [5,18]. In the
energy region of the bright resonance, I�x� shows maxima
at the slits and weaker maxima in the center between slits
[Fig. 4(c)]. As the energy is tuned towards the dark mode,
I�x� gradually shifts. At the dark mode energy, I�x� shows
almost negligible intensity at the slits and two strong
maxima at 
a0=4 [Fig. 4(b)].

We now discuss how this difference in spatial mode
profiles is connected to the radiative damping. We first
look at the SPP eigenmode solutions of Maxwell’s equa-
tions for our nanoslit arrays. For vanishing slit width these
are simply evanescent plane SPP modes jji with frequen-
cies !j, a nonradiative damping �j, and electric field
profiles Ej�r�. For simplicity, we consider only two nearly
resonant modes j1i and j2i, e.g., the AM[ 
 1] modes in
case of Figs. 3 and 4. The change in the dielectric function
induced by the nanoslits locally changes the electromag-
netic energy density and thus leads to frequency shifts V11
and V22 and, most importantly, to a coupling V12 of the two
modes. To first order, the strength of these interactions can
be approximated as Vij ’ hij�2����r��1�jji= �h [24], where
���r� denotes the local perturbation of the dielectric func-
tion [25].
FIG. 3 (color online). (a) Transmission spectrum T�!� through
a nanoslit array with a0 � 750 nm near normal incidence (��
0:6 �). (b) Angle-dependent spectra in model (left) and experi-
ment (right). (c) Experimentally determined SPP lifetime T1 as a
function of �.
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Moreover, the nanoslits induce a coupling of the eva-
nescent SPP modes of the ideal interfaces to the con-
tinuum of propagating far-field modes jmi [20], i.e.,
radiative damping �ij ’ �2�= �h�

P
mhij�

2����r��1�jmi�
hmj�2����r��1�jji. It is essential that the presence of the
slits not only leads to a damping of the individual reso-
nances (�11;�22) but also causes a radiative coupling
(�12;�21) among the SPP modes via the far-field contin-
uum. These terms can be cast into a coupled mode matrix
with eigenvalues describing the resonances of the coupled
system and their radiative decay:

!1 � i�1 0
0 !2 � i�2

� �
�

V11 � i�11 V12 � i�12

V21 � i�21 V22 � i�22

� �
:

(2)

The detuning ��kx� � !2�kx� �!1�kx� between the two
unperturbed resonances follows from the SPP dispersion
relation of the unpatterned film and is continuously varied
by angle tuning. For the AM[ 
 1] resonance and small
angles, all coupling V ’ Vij and damping constants � ’

�ij, � ’ �j are nearly identical and the frequencies of the
coupled modes are given as !�;� � !1 � �=2� V �

i�
 A=2 with A �
�����������������������������������
�2 � 4�V � i��2

p
. The resulting

coupled eigenmodes are j�;�i � 
c1j1i � c2j2i, with
coefficients c1;2 �

��������������������������
�A� ��=2A

p
. Using this model, opti-

cal transmission spectra can be simulated by using Eq. (1).
The coupling between these two resonances results in

the opening of SPP band gaps 2 �hV when the SPP modes
are angle tuned into resonance [Fig. 2(a)]. This band gap
formation coincides with a pronounced change of the
linewidth �� � �� �� Im�A=2� of the newly formed
antisymmetric (dark) j�i mode. Its radiative coupling to
the far-field continuum �r� � �� Im�A=2� decreases
FIG. 4 (color online). (a) Spatially resolved near-field mode
profiles I�x; E� recorded as a function of excitation energy E by
scanning perpendicular to the slits. At each energy, the data are
normalized to

R
I�x�dx. (b) I�x� of the antisymmetric mode j�i

at 1.62 eV. (c) I�x� of the symmetric mode j�i at 1.56 eV.
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continuously with decreasing detuning, and radiative
damping is fully suppressed at � � 0. Here, the linewidth
of the resonance is no longer limited by radiative damping
but by the intrinsic losses �. In angle-dependent spectra
[Fig. 3(b)], one thus observes a narrowing of the resonance
with decreasing � until �r� < �, followed by a decrease
of the intensity of the dark mode peak which vanishes at
� � 0. The results in Fig. 3(b) and 3(c) are satisfactorily
modeled by Eq. (2) when parameters �hV � 35 meV and
�h� � 13 meV are assumed. The slightly stronger variation
in the experimentally measured linewidth is mainly attrib-
uted to an oversimplified modelling of the nonresonant
transmission continuum in Eq. (1).

The microscopic origin of this pronounced suppression
of radiative damping becomes immediately apparent
from the spatial near-field mode profiles in Fig. 4. The
mode overlap of the symmetric j�i mode [Fig. 4(c)] with
the nanoslit scattering centers is larger than that of the
uncoupled modes j1; 2i / exp�
iGx�, thus increasing
the radiation damping ��. For the antisymmetric j�i
mode [Fig. 4(b)], however, the maxima of I�x� ’
j exp�iGx� � exp��iGx�j2 at 
a0=4 are now outside the
nanoslits. The field intensity at the nanoslits is strongly
reduced and the radiative damping rate �r� becomes van-
ishingly small. This is in analogy to previously observed
interference phenomena in the radiative damping of other,
e.g., atomic or molecular, multilevel systems [8,26]. In
such systems, however, the finite radiative damping of
the uncoupled systems is often larger than their radiative
coupling and the suppression of radiative damping is much
less pronounced [8]. In the system considered here, the
intrinsic damping is sufficiently weak to reach the strong
radiative coupling limit (�>�).

While the introduced phenomenological model captures
the physical mechanisms underlying the observed coupling
phenomena, a more refined calculation of the optical trans-
mission spectra can be obtained from a full, scattering-
matrix-based solution of Maxwell’s equations [22]. Such
calculations show that in one-dimensional nanoslit arrays,
the coupling parameters are affected by Fabry-Perot effects
and thus depend on the actual thickness of the metal film
[27]. Such effects appear, because subwavelength 1D
structures always support a propagating mode within the
nanoslit wave guide channel, in contrast to the evanescent
wave guide mode in nanohole arrays. For the geometrical
parameters of our slit structures, the coupling parameters
deduced from such a refined calculation are in satisfactory
agreement with experiment, supporting the interpretation
of our results.

In conclusion, we have studied the coherent coupling of
surface plasmon polaritons in plasmonic nanocrystals us-
ing space- and time-resolved optical spectroscopy. We
demonstrate that the formation of antisymmetric SPP
modes gives rise to a pronounced suppression of radiative
11390
damping and leads to surprisingly long SPP lifetimes of
more than 200 fs. Such a control of radiative damping by
tailoring SPP mode profiles is an essential prerequisite for
designing and implementing efficient nanoplasmonic de-
vices such as wave guides or resonators, studying the
physics of strong SPP localization and using SPP as flying
qubits in quantum information processing.
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