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We report on a femtosecond-resolution study of the plasmon fields in gold nanoparticles using

third-harmonic generation.

Controlled resonant and off-resonant plasmon excitation is achieved by

tailoring the nanoparticle sample by an electron-beam-lithographic method. Comparing the measured
third order interferometric autocorrelation function of the plasmon field with simulations based on a
simple harmonic oscillator model we extract the temporal characteristic of the plasmon oscillation. For
off-resonant excitation of particle plasmons we find a beating between the driving laser field and the
plasmon field which demonstrates clearly the nature of the plasmon as a collective electron oscillation.

PACS numbers: 78.47.+p, 61.46.+w, 73.20.Mf

In metal nanoparticles resonant collective oscillations
of the conduction electrons (particle plasmons) can be ex-
cited by light in the visible spectral range. The resonance
frequency of a particle plasmon is determined mainly by
the dielectric functions of the metal and the surrounding
medium, respectively, and by the particle shape, i.e., the
ratio of the particle principal axes. Resonance leads to
a narrow spectrally selective absorption and an enhance-
ment of the local light field confined on and close to the
surface of the metal particle [1]. The spectra width of
absorption and near-field enhancement is given by the de-
cay time of the particle plasmons. This decay time is
determined by various damping mechanisms acting on
the oscillating electrons, as the electronic conductivity of
the metal at light frequencies and radiation damping in the
case of particle diameters exceeding the Rayleigh limit.

Particle plasmons have been a subject of extensive ex-
perimental and theoretical work, resulting in a quite com-
prehensive understanding of the steady state properties
of this phenomenon. Recently also the dynamic aspects
of particle plasmons have been addressed by fs time-
resolved measurements based on second harmonic genera-
tion (SHG) [2-5]. As SHG enhancement originates from
the enhanced near field of the plasmon oscillation, SHG
can be considered a suitable noninvasive probe of plas-
mon dynamics. The experiments reveaed that the decay
of particle plasmons which can be described as the loss of
coherence of the oscillating electrons (dephasing) occurs
on asub-10 fstime scale [5].

In this Letter we report on first fs time-resolved mea-
surements of the particle plasmon dynamics relying on
third harmonic generation (THG) as a noninvasive moni-
tor for particle plasmon dynamics. By using THG we
eliminate a major drawback of SHG-based methods which
are restricted to noncentrosymmetric particle shapes. Fur-
thermore we achieve an unprecedented control of resonant
and off-resonant plasmon excitation conditions by tailor-
ing nanoparticle samples by a lithographic method [6].
This enables us to deduce the temporal characteristics and

0031-9007/ 99/ 83(21)/ 4421(4)$15.00

the decay time of particle plasmons for resonant and off-
resonant excitation, respectively, and thus to gain deep-
ened insight into the physics of particle plasmons.

To model the time dependent particle plasmon field we
apply a damped harmonic oscillator driven by a given
force K(¢r). The harmonic approach is justified as the
anharmonicity of the plasmon oscillation producing THG
is sufficiently small not to influence the linear temporal
behavior of the plasmon oscillation. It follows that the
particle plasmon field Ep(z) is proportional to [7]

t
Ep (1) o / wLK(t*)e’V(”’*)sin[wo(t — M]dt* (1)
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with wy = 27¢/As and y = 1/27, where A, de
notes the resonance wavelength which corresponds to the
resonance freguency wg, C is the speed of light, and
7 is the oscillator energy decay time. Experimentally
we determine the third order interferometric autocorre-
lation function (ACF) [8,9] of Ep(z) by measuring the
frequency tripled radiation from the nanoparticles after
exciting the plasmon oscillations by two identical fem-
tosecond laser pulses separated by a variable time delay
t'. Thus in the calculation K(¢) is set proportiona to
Epuise () + Epuise(r + '), i.€, the sum of two laser pulse
fields Epuise (1) separated by the time delay /. The cal-
culation of THG intensities is performed by taking the
sixth power of Ep(¢) and integrating the result in time
due to the finite response time of the detector. To obtain
the third order ACF we perform this calculation procedure
for different ' values covering the whole experimentally
relevant time delay scan range. The resulting shape of
the envelope of the third order ACF is unambiguously de-
termined by the time characteristic of Ep(z). We find
this temporal characteristic of the plasmon field by fitting
the experimentally determined ACF with calculated ACFs
with 7 as the only fit parameter.

In the experiment we use a Kerr-lenssmode locked
Ti:sapphirelaser for excitation, which delivers 15 fs pulses
at afixed center wavelength of 774 nm [10]. For a pulse
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repetition rate of 71 MHz we measure a cw power of
20 mW on the sample. The pulses are collinearly fo-
cused on the sample with a focus diameter of 90 um,
resulting in an energy fluence of ~4 wJ/cm?. The high
pulse intensity in combination with alow energy per pulse
guarantees satisfactory sensitivity for THG measurements
without heating the electron gas or even destroying the
sample. The third order ACF is measured with a sym-
metric collinear interferometric optical autocorrelator [11].
The third harmonic signal at A = 258 nm istransmitted to
a photomultiplier through an optical bandpass filter which
blocks the radiation at the fundamental and the second har-
monic wavelengths. To obtain a high signal to noise ratio
we use lock-in detection.

Our samples consist of regular two-dimensional ar-
rays of in top view circularly shaped Au nanoparticles
on aindium-tin oxide (ITO) coated quartz substrate, pro-
duced by an electron-beam-lithographic method [5]. We
produced arrays of gold particles with a particle height
of 14 nm and a particle diameter ranging from 110 to
180 nm. As the particle shape (ratio of the particle prin-
cipa axes) determines the spectral position of the plas-
mon resonance, this results in particle plasmon resonance
frequencies from 710 to 860 nm. The grating constant
of all particle arrays was set to 450 nm. By analysis of
scanning electron microscope images the particles within
one sample array were found to be nearly monodisperse
in shape, in accordance with previous results on similar
samples [12].

As mentioned above, the driving laser pulse field has
to be known for simulating the THG-ACF. Thus, first of
al we have to determine the temporal shape of the laser
pulses. For this purpose we measure the third order ACF
of the laser pulse itself (see solid line in Fig. 18) using a
25 um thick beta borium borate (BBO) crystal asa THG
medium with an instantaneous response to the incoming
laser pulse field. The temporal shape of the laser pulse
is found by fitting the experimentally obtained ACF by a
calculated one varying the time function Ep,is(f). The
best fit was found by using the Fourier transformed
spectrum of the laser pulse for Ep,i (1) (transform limited
case); see Figs. 1b and 1c for the laser pulse spectrum
and the Fourier transformed spectrum, respectively. The
numerical result is compared to the measured ACF of the
laser pulse in Fig. 1a, where for the clarity of presentation
only the upper envelope of the calculated ACF is marked
by thefilled circles. We find an excellent agreement with
the experimental data.

We now replace the BBO crystal by a nanoparticle
array. For resonant excitation of nanoparticles (extinction
maximum at 774 nm) the resulting third order ACF is
shown in Fig. 2a. Because of the finite lifetime of the
particle plasmons, a broadening of this ACF in comparison
with the ACF of thelaser pulseitself isfound by comparing
Figs. 2a and la. The resulting calculated ACF (again
only the upper envelope of the calculated ACF is shown
by the filled circles for clarity of presentation) shows the
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FIG. 1. (a) Solid line: measured third order ACF of the laser

pulse (maximum normalized to 32); filled circles: envelope of
the calculated ACF (the dashed line serves as a guide to the
eye). (b) Spectrum of the fs laser pulse train. (c) Fourier
transformed laser pulse spectrum (which is found to be
equivalent to the temporal shape of the laser pulse) serves as
the driving laser pulse field in the model calculations.

best agreement with the experimental ACF when assuming
T = 6 fs. This value corresponds to the particle plasmon
lifetime measured with SHG on similar samples[2]. The
deduced temporal evolution of the plasmon field [Eq. (1)]
driven by the laser pulse field Epyis (1) obtained above is
shown in Fig. 2b. Furthermore we find the experimental
peak to background ratio to be equal to 32:1, the very value
predicted by theory. This result confirms that in the case
of excitation with fs pulsesin the low laser fluence regime
there are no changesin the acting THG optical nonlinearity
due to electron gas heating during the measurement time
[13,14].

The THG-ACF for an off-resonant particle plasmon
excitation (particle array extinction maximum at 860 nm)
is shown in Fig. 3a. We find the full width at half
maximum (FWHM) of this ACF to be even smaller than
that of the laser pulseitself. Furthermore small side wings
near the main peak of the ACF function emerge. Again,
assuming = = 6 fsthe numerical simulation yields a third
order ACF (envelope shown in Fig. 3a) which agrees well
with the measured one. Note that the side wings are
well reproduced by the model calculation. The calculated
temporal behavior of the plasmon field for the off-resonant
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FIG. 2. (@) Solid line: measured third order ACF for a
resonantly excited particle plasmon (extinction maximum of
the nanoparticles at 774 nm), maximum normalized to 32;
filled circles. envelope of the calculated ACF (the dashed line
serves as a guide to the eye). (b) Driving laser pulse field
together with the calculated resonant plasmon field oscillation
(Ares = 774 nm, 7 = 6 f9).

case (Fig. 3b) shows that the phase difference between the
driving laser field and the driven plasmon oscillation is no
longer constant at 7 /2 as in the resonant case (Fig. 2b),
but varies with time (beating). As seen in Fig. 3b the
plasmon oscillation amplitude is strongly decreased when
the phase difference approaches 7, an effect that givesrise
to the observed side wings in the ACF and the reduced
FWHM, respectively. The beating between driving laser
field and the particle plasmon oscillation in the of f-resonant
case demonstrates clearly the nature of the plasmon as a
collective coherent oscillation of the plasma electrons.
Besides the different time characteristics of resonantly
and off resonantly driven particle plasmons we aso find
different plasmon oscillation amplitudes; see the scales in
Figs. 2b and 3b, respectively. We examine this effect in
detail by measuring the relative values of the THG intensi-
ties of resonant and off-resonant driven particle plasmons.
As in this case we need no time resolution; no sweep of
the time delay in the autocorrelator is applied, i.e., ¢/ = 0.
THG intensities measured with the laser pulse shown in
Fig. 1c are marked as filled circles in Fig. 4 as a func-
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o

Time [fs]

FIG. 3. (a) Solid line: measured third order ACF for an off
resonantly excited particle plasmon (extinction maximum of
the nanoparticles a 860 nm), maximum normalized to 32;
filled circles. envelope of the calculated ACF (the dashed
line serves as a guide to the eye). (b) Driving laser pulse
field together with the calculated off-resonant plasmon field
oscillation (A5 = 860 nm, 7 = 6 fs).

tion of the resonance frequency of the respective nanopar-
ticle samples. The THG intensity values are normalized
to the THG intensity obtained by the ITO coated quartz
substrate. For particles with resonance frequencies below
700 nm or beyond 860 nm this normalization becomes
meaningless as the particles deliver less THG intensity
than the substrate itself. Therefore an absolute determi-
nation of the resonance induced THG enhancement factor
isnot feasible. Furthermore the measured THG intensities
have to be corrected with respect to absorption of the driv-
ing laser field as the different samples consist of particles
with different volumes and thus different absorption cross
sections. A constant particle volume could not be main-
tained in our experiments due to the tuning of the reso-
nance frequency by varying the particle diameter. The
THG values corrected for constant absorption are shown
by the open circlesin Fig. 4. For comparison with theory
we now calculate the THG intensity as a function of the
resonance frequency in the spectral range between 710
and 860 nm. For excitation we assume the laser pulse
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FIG. 4. Filled circles: measured THG intensities as a func-
tion of the resonance frequencies of the respective nanoparticle
samples (normalized to the THG intensity obtained by the ITO
coated quartz substrate). Open circles. measured THG inten-
sities corrected for constant laser pulse absorption. Squares:
calculated THG intensities (the dashed line serves as a guide to
the eye). The letters A and B mark the THG intensities of the
resonantly and off resonantly driven particle plasmons shown
in Figs. 2 and 3, respectively.

field obtained above (Fig. 1c). We end up with the fol-
lowing expression for the THG intensity 70

169) o f En(0)] dt @

For this calculation we assume 7 = const = 6 fs for
the spectral range considered. This approximation is rea-
sonable considering the damping mechanisms (Landau
and radiation damping [1]) in the spectral range under in-
vestigation. The result of the calculation is plotted by the
squares in Fig. 4. In the calculation we are not limited
by any substrate THG contributions. We used an experi-
mentally unrealistic large wavelength (As = 10 um) to
ensure a nonresonant THG value to be taken as refer-
ence for the normalization of the calculated THG values.
The qualitative agreement between measured and calcu-
lated spectral characteristic of the THG intensity is quite
good, especialy in the spectral region near the laser center
wavelength. As mentioned above, quantitative agreement
cannot be achieved due to THG generation of the sub-
strate. Relying on the calculated maximum THG inten-
sity of 1.4 X 10° we deduce a resonance induced plasmon
field enhancement of 6+/1.4 X 10° =~ 11. Note that this
enhancement factor is valid only for the excitation with
the fs pulses used in our experiment (nonstationary case).
For the stationary case the amplitude enhancement factor
isfound by the stationary harmonic oscillator model (reso-
nance frequency 774 nm, v = 6 fs) to be equal to 14.
This factor should not be mixed up with the convention-
aly used term “field enhancement,” which describes the
enhancement of the optical near field compared to the in-
coming field. This field enhancement around a nanopar-
ticle is strongly dependent on the considered position on
the particle surface. In our case the factor of 11 means
that the surface averaged plasmon field strength for areso-
nantly driven particle plasmon is 11 times larger than for
the nonresonant driven plasmon.
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In summary, we have shown that measuring the
THG-ACF is a suitable method for evauating the time
characteristics of fs driven plasmon oscillations in metal
nanoparticles. Resonant and off-resonant excitation of
particle plasmons can be clearly distinguished by the ACF
measurements. The excellent agreement of the measured
ACFs with our calculations shows that the light-driven
damped harmonic oscillator is a suitable model for
plasmon oscillations in a metal nanoparticle. In particu-
lar, in the off-resonant case the beating between the
driving field and the plasmon field demonstrates the
nature of the plasmon oscillation as a collective electron
oscillation. In contrast to previous ACF measurements
based on SHG, THG experiments can also be performed
using centrosymmetrically shaped particles, a fact which
increases the practicability of this method. The electron-
beam-lithographic method for sample preparation allows
an exact tuning of the resonance frequencies of the par-
ticle plasmons. Plasmon resonance as a source of en-
hanced optical nonlinearity together with a fs time scale
response time are features which could make metal
nanoparticles promising nonlinear devices in a future
submicron light technology (nano-optics).
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