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Abstract. The decay time of the electron-plasma oscillation
in silver nanoparticles is measured at a nanoparticle film con-
sisting of regularly arranged, identically shaped and identi-
cally oriented particles. By design of a noncentrosymmetric
particle shape, SHG in transmission at normal incidence of t he
fundamental beam is obtained. Therefore the autocorrelation
function of the optical near field oscillation of the particle, ex-
cited by two temporally overlapping fs laser pulses separated
by a defined delay time, could be measured. A decay time of
10�1 fs was extracted. This result shows that the damping of
the electron-plasma oscillation in nanometric particles is ap-
proximately a factor of 2 larger than expected from the value
of the imaginary part of the bulk metal dielectric function
when consideration of the radiation damping in the particles
is included.

PACS: 72.15.Lh; 72.30.+q; 78.65.Ez

In metal nanoparticles a resonance of the collective electron-
plasma oscillation (localized surface plasmon) is possible in
the visible part of the spectrum, whereby the resonance fre-
quency is mainly determined by the real part, "0, of the dielec-
tric function of the metal and by the shape of the particle [1].
The reason for this structural resonance, which is not possi-
ble in extended bulk metal, is the spatial confinement of the
electron-plasma (dielectric confinement): when the quasi-free
metal electrons are shifted by the irradiated light field, repul-
sion forces build up by surface charging, causing resonance
behavior.

The electron-plasma resonance in metal nanoparticles
leads to two important physical effects: (i) spectral selective
absorption and (ii) remarkable enhancement of the light-field
strength close to the surface of the particle (local field en-
hancement). Both effects are highly relevant for linear and
nonlinear optics. Such metal particles can be applied as spec-
trally selective light absorbers and as local field enhancers;
the latter property is particularly important for nonlinear opti-
cal materials. For existing technologies, such as microoptics,
optical information processing and optical data storage, as
well as for optical sensorics, two-dimensional arrangements
of metal nanoparticles are of special interest. Single particles

can be applied as spectrally selective light-field concentrators
in future nanooptics.

Two-dimensional metal nanoparticle arrangements (metal
nanoparticle films) represent an optical thin-film system, with
properties widely tunable by the structural parameters, and can
be fabricated comparatively simply with existing technologies
[2,3]. The homogeneous width of the absorption band and the
local field enhancement factor are determined by the damping
of the electron-plasma oscillation. For a film consisting of a
large number of individual metal particles a direct experimen-
tal determination of the electron-plasma oscillation damping
is possible only by direct measurement of the oscillationdecay
time [4] and not by deduction from the absorption bandwidth.
This is because it cannot be excluded that an inhomogenous
broadening of the absorption linewidth is also present as a
result of a distribution of resonance frequencies caused by a
distribution in particle shape. The dominating damping mech-
anism is the electric conductivity of the used metal (electron
mobility) at optical frequencies, characterized by the imagi-
nary part, "00, of the dielectric function of the metal.

In this paper we present new measurements of the electron-
plasma oscillation decay time at lithographically designed
silver nanoparticles on a transparent substrate. Silver was
choosen because the high mobility of its conduction elec-
trons means it has the lowest "00 in the visible of all noble
metals. As the result of a suitable value of "0, the resonance
frequency of silver nanoparticles is in the visible. Silver is
chemically fairly stable and can be easily evaporated. These
two features are important for the realization and handling of
nanoparticle films. From measurements at extended plasmons
in Ag layers excited in an ATR geometry, a decay time of 48
fs was estimated [5]. This value suggests that the decay-time
for Ag particles is also in the femtosecond regime, which is
experimentally accessible only by ultrashort laser methods.

Figure 1 shows the experimental setup used. It is similar
to the standard geometry used for measurement of ultrashort
pulse duration. The central part is a Michelson interferome-
ter. At its output, two equal-intensity pulses, delayed by an
adjustable time � , are collinearly focussed onto the sample.
Interferometric accuracy for the two overlapping beams is
necessary in order to ensure perfect collinearity, which al-
lows us to obtain the correct decay time from the measured
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Fig. 1. Experimental set up for measuring the autocorrelation function of the electron-plasma oscillation near field in two-dimensional metal nanoparticle
arrangements and the autocorrelation function of the laser pulse (when the sample is substituted by a 30�m thick BBO crystal)

autocorrelation function without beam-overlap errors. If the
metal particles posses an optical second-order nonlinearity
(�(2) 6= 0) which is due only to the movement of conduction
electrons (electron-plasma oscillation), measuring the result-
ing SH intensity I2!(� ) as a function of the delay time gives
the autocorrelation function of the electron-plasma oscillation
near the field Eloc. The autocorrelation function is [6]

I2!(� ) =
1

2ti

Z +ti

�ti

�����Eloc(t) + Eloc(t� � )
��2���2

dt; (1)

where Etoc is the local field (near-field at the particle surface)
originating from the electron-plasma oscillation and ti the
integration time of the photodetector.

In principle, at every metal surface a nonvanishing second-
order nonlinearity is obtained as a result of symmetry break-
ing. As in our case the wavelength dependence of the SH
intensity corresponds to the shape of the resonance curve (off-
resonance we obtain 1/20 of the SH intensityat resonance), we
deduce that the obtained SH originates from only the move-
ment of the plasma electrons (driven by the laser field) and not
from the laser field itself. Thus the above-requested condition
is fulfilled.

With a centrosymmetric particle shape, however, the non-
linear surface polarization at any surface element is com-
pensated by the nonlinear polarization at the corresponding
element at the inverted position of the particle surface, and
thus the total second-order nonlinearity of a particle equals
zero. In order to obtain metal nanoparticles with nonvanishing
�(2) tensor components for fundamental irradiation vertical to
the surface plane, specially designed low-symmetry particles
in regular arrangement and equal orientation were fabricated
by an electron-beam lithography technique, described in [3].
Figure 2 shows the SEM picture of a section through the par-
ticle arrangement. The size of these shape designed particles
is approximately 200 nm.The highest SH signal is obtained
for light polarization parallel to the mirror plane of the par-
ticle (see Fig. 2). With respect to this polarization direction,

Fig. 2. Scanning electron microscope (SEM) pictures of a section through the
used low-symmetry silver nanoparticles

the particles show different field strengths at opposite posi-
tions at their surface. The induced nonlinear polarizations are
also strongly different and thus do not compensate completely
when integrated over the whole particle circumference. (Note
that SH polarizations have opposite signs for opposite po-
sitions at the particle surface.) In our case the particles are
off-resonance for the SH frequency, so the obtained SH signal
is proportional to the squared local field intensity at the par-
ticle and thus corresponds to the electron plasma-oscillation.

As a light source for the fs experiments we used an
Ar+-laser-pumped Kerr-lens mode-locked Ti-Sapphire laser
with chirped resonator mirrors for group velocity dispersion
(GVD) compensation [7]. This laser supplied band-width-
limited pulses at a repetition rate of 80 � 10�6 s�1. The pulse
energy was 0.4 nJ at a pulse duration of 15 fs. The pulse
duration was determined by the same measuring geometry as
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shown in Fig. 1 but with substitutionof the sample by a 30�m
thin BBO crystal.

As the plasma-oscillation resonance of the particles de-
pends on the particle shape, the particle height was ’tuned’
in order to shift the resonance frequency for the previously
defined polarization direction (parallel to the particles’ mirror
plane) to the laser wavelength of 820 nm. The sample area
covered by the nanoparticles had a size of 150 �m� 150 �m.
The focussed beam at the sample surface (spot size 30 �m)
had an average intensity of 4.6�103 W/cm2 (corresponding to
a peak intensity of 3.8�109 W/cm2), which gave a sufficiently
high signal-to-noise ratio of the SHG signal at 1 s integration
time, without any thermal damage of the sample. To check
this, the particle morphology was investigated by SEM prior
and after laser exposure of the particles. At the intensities
used in our experiments, no morphological change could be
observed.

Figure 3 shows the measured autocorrelation function of
the electron-plasma oscillation driven by the sech2-shaped,
15 fs laser pulse (Fig. 3a), and the autocorrelation function
of the driving laser pulse (Fig. 3b). By comparison of this
measured autocorrelation function with simulated curves, the
decay time of the electron-plasma oscillation in the inves-
tigated silver nanoparticle arrangement was determined as
10� 1 fs by means of a least squares method. In the simula-
tion, a harmonic oscillator with variable decay time (damping)
was driven by the field of a sech2-shaped, 15 fs laser pulse.
This harmonic model is evident, as in our situation the very
weak nonlinearity of the electron-plasma oscillation is negli-
gible for the energetic mechanisms of damping. The validity
of this model simulation was further corroborated by the fact
that in the case of an appropriate decay time the simulated
autocorrelation function fits well the experimental one for all
� values. To demonstrate the fit quality, the upper envelope of
the calculated autocorrelation function for the three different
decay times 7, 10, 13 fs are plotted in Fig. 3a.

Figure 4 shows the measured absorption spectrum of the
particle film (for the fundamental polarization direction) to-
gether with a homogenously broadened absorption curve, de-
termined from the lifetime measurement. The half-width of the
latter is approximately 37 nm and a factor of 2 smaller than the
absorption spectrum’s half-width measured by a microscope
spectrophotometer. From this it can be deduced that although
we have used the lithographic method for particle shape de-
sign, we have a considerable inhomogenous broadening of
the absorption spectrum, propably caused by a distribution in
the particle resonance frequencies as a result of a distribu-
tion in particle shape (aspect ratios). On the other hand, this
result shows, that the effective damping of the plasma oscilla-
tion in silver nanoparticle films is remarkably larger than the
l7 fs (corresponding to a homogenous absorption line-width
of 22 nm) resulting from a model calculation that takes the
bulk dielectric function [8] into account and considers radi-
ation damping [9]. This can be explained by a chemically
modified surface of the silver nanoparticles, which leads to
an essentially increased value of "00 at � = 820 nm compared
with bulk silver by so-called chemical interface damping [10],
which was not considered in the model calculation.

The decay time obtained from the experiments reported
in this paper is remarkably shorter than that reported for
previous experiments [4]. These very first measurements

Fig. 3. Measured autocorrelation function of the electron-plasma oscillation
and the upper envelope of the model autocorrelation function for the three
different decay times 7, 10, 13 fs (a). Measured autocorrelation function of
the driving laser pulse (b)

Fig. 4. Measured extinction curve log l=T (T = transmission) of the investi-
gated silver nanoparticle film for the used polarization direction (a) and the
extinction curve modeled for damping data derived from the measured decay
time (b)
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were performed at naturally grown nanoparticle films (‘is-
land films’) consisting of randomly distributed, differently
sized and shaped dropletlike particles with an average size of
20 nm. However, the pulse overlap in these experiments was
not interferometrically collinear, which could also contribute
to the difference in results.

In conclusion, we have measured by a femtosecond laser
technique the decay time of the light-field-driven collective
electron-plasma oscillation (local surface plasmon) of nano-
metric silver particles in a regular two-dimensional arrange-
ment. With a special sample preparation technique the res-
onance frequency of the particles could be adjusted via the
particle aspect ratio to the wavelength of the Ti-Sapphire laser
used. By design of low-symmetry-shaped, parallel-oriented
particles a high second-order optical nonlinearity, necessary
for measurement of the autocorrelation function of the near-
field oscillation, could be obtained, and thus the decay time
could be determined with improved accuracy. The obtained
decay time of 10 fs for the present experiments shows that the
electron-plasma oscillation in the investigated silver nanopar-
ticles is more damped than expected from model calculations
using dielectric function data for bulk silver from the literature
[8]. As a consequence a smaller field enhancement factor com-
pared with the so-far-reported [11] value must be assumed.
The reason for this increased damping may be chemical inter-
face damping [10].
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