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Abstract. The decay time of the particle plasmon (dephas<charges cause restoring forces when the plasma is driven by
ing of the coherent electron plasma oscillationfimandAg  the incident light field and this leads to resonances.
nanoparticles is measured by a second-order nonlinear optical Because of these resonances, MNPs are efficient and spec-
autocorrelation method in the fs regime. In order to preventrally selective light absorbers and show the phenomenon of
electron heating, the energy fluence from the fs pulses at theear field enhancement. The latter phenomenon occurs be-
sample is kept below.5 pwJ/cn?. The necessary high SHG cause the resonantly oscillating charges strongly enhance the
efficiency is obtained by nanoparticles produced by an ele®lectromagnetic field at and near the structures compared
tron beam lithographic method, which enables us to fabricateith the field strength of the irradiated light. Thus, metal

a two-dimensional array of nearly identical, parallel orientedhanostructures can concentrate light in matter with dimen-
particles of designed shape without centrosymmetry, essesions much smaller than the wavelength, a property for which
tial for high SHG efficiency and the tuning of the plasmonvarious practical applications have already been found [3-7]

resonance to the driving laser wavelengt780 nm and will surely be found in the future.
The central parameter for quantitative estimations in ap-
PACS: 36.40.Gk; 78.47.+p; 61.46.+w: 71.45.Gm plications of MNPs is the resonance behavior of the plasma

oscillation. In this article we focus on the damping properties
of such resonances. The main damping mechanism of the col-
lective, in-phase oscillation of the plasma electrons is caused
Metal nanoparticles (MNPS) in transparent matrices are dfy the electrical conductivity of the metal at light frequencies
high fundamental and practical interest, as they show spe¢eptical conductivity). This value is given macroscopically
trally selective optical absorption [1], can be used for surby the imaginary part of the metal’s dielectric function. In
face enhanced Raman scattering [2] and are promising candi-simple Drude picture the conductivity is determined by the
dates for application as nonlinear optical media in all opticatollision rate of the electrons with the lattice, which leads to
switching devices [3]. Further, metal nanostructures allova distribution in momentum. Thus, the amplitude of the co-
us to overcome the present miniaturization limits of light-herent motion of the plasma electrons decays by a certain
guiding and light-handling optical devices, which has twodecay timeT,, which is a loss in coherence and may also be
practical consequences: the further miniaturization of optodedicated as “dephasing” in analogy to the dephasingTime
electronic systems in communications technology [4, 5], anéh molecular systems [8].
the overcoming of present resolution limits in optical mi-  In a microscopic picture the decay time is determined
croscopy i.e. by optical near field microscopy [6]. Moreover,by the coupling of the plasma oscillation to the electron—
metal nanoparticles have shown several promising applicdole continuum where the dominating mechanism is bulk
tions in optochemical sensorics, e.g. for enhancing the signakdectron scattering [1]. The generated electron—hole pairs
of optically monitored immunoreactions [7]. The whole field thermalize and increase the electron temperature. This may
of nanoparticle and nanostructure optics represents a neshange the optical properties of the metal, measurable
subwavelength light technology and can be, in our opinionby ultrafast changes in reflectivity and transmissivity [9].
expressed by the term “nanooptics”. However, surface electron scattering from very small par-
In principle, all mentioned “applications” of metal nanoparticles may also contribute significantly [1]. If the plasmon
ticles and nanostructures are due to their ability to build upvavelength matches an interband transition of the metal,
structural resonances of the collective oscillation of the metthere is additional damping. Another damping mechanism
al’s electron plasma, usually called localized surface plasmois radiation damping, which increases with particle size
or particle plasmon. Due to the confinement of the elecand has to be taken into account above a size of approx.
trons in the metal structures (dielectric confinement), surfacB0 nm[10].
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As in any oscillator, the damping constaptis repre- The obtained function, SHG intensity versus delay time, is
sented by the homogenous line widthy,om, which, however, the pulse’s second-order autocorrelation function (ACF) and
is in practice not accessible by simple absorption or scatontains the information on the pulse length. The identical
tering spectroscopy of a particle ensemble, as it cannot &et-up can also be used for determination of the autocorre-
excluded that the measured line width contains additional ination function of the temporal development of the plasmon
homogenous contributions. As the resonance frequency dild in the MNPs by substituting the nonlinear crystal by
MNPs strongly depends on the particle shape [11], a distributhe MNP sample. As the resonantly enhanced plasmon field
tion of this parameter causes such a contribution. drives a SH polarization in any metal surface [17], and con-

One way to overcome the problem of inhomogenousequently also in the surface of the MNP, the SH radiation
broadening due to a distribution in particle shapes is the speproduced is a precise monitor of the (squared) temporal be-
troscopy of a single particle [12]. The other method to obtairhavior of the plasma oscillation. Thus the SH produced in the
Avhom andy is the direct determination of the plasma oscil- autocorrelation set-up represents the ACF of the plasmon’s
lation’s decay timerp, for whichrp = 1/(27 Avhom) is valid.  time function, which equals the correlation function of the
From the experimentally obtained line width we can expectwo plasmons created by the two delayed laser pulses [14].

a decay time of a few femtoseconds. As the plasmon is a resonant system with a characteris-

In principle, all methods for measuring decay times usdic decay time, the resonant response to the laser pulse will
a two-pulse technique: the first pulse drives the system anoke delayed and the oscillation will last longer than the laser
the second, with variable time delay, probes the actual statpulse; see Fig. 2. The ACF of the squared plasmon response
The method to be chosen for our purpose has to meet theill consequently be broadened as shown in Fig. 6.
following criteria, which excludes most of the conventional  For application of this method the system under investi-
methods for decay time measurement: (i) Both measuringation must have a measurable optical nonlinearity originat-
pulses must be irradiated collinearly onto the sample becauseg directly from the process of interest, which in our case
any angle between them is accompanied by a geometricallg the plasma oscillation. Under this assumption the system
induced timing error across the beam cross section in the faust follow the description of an anharmonic oscillator in the
regime [13, 14]. (ii) The photon flux within the beams must besmall-signal approximation. In that model the phenomeno-
kept below a certain limit in order not to change the electroriogical second-order susceptibility® (2w; w, w) is propor-
temperature in the MNPs and therefore the optical constantipnal to the squared linear susceptibility at the fundamental
which would lead to an incorrect value of the decay time.  x®(w), and the linear susceptibility at the SH frequency

As a suitable method meeting the criteria given abovey® (2w) [17,18]:
a second-order nonlinear optical autocorrelation method was mé 5
found [14-16]. Figure 1 shows the well-known interferomet-x @ (2w; w, w) = ——= [x P ()] x* (20) 1)
ric autocorrelation measurement set-up usually applied for NZe?
femtosecond laser pulse characterization. The optical pulsgheremis the electron mas$ the plasma electron densigy,
is split into two pulses of identical power which are de-the unit charge anélis a nonlinearity parameter. As the linear
layed with respect to each other by a variable mechanicausceptibilityx® has a maximum at the particle resonance
delay before they are collinearly sent to an optically nonfrequency, it follows from (1) that the SH signal is strongly
linear crystal (BBO) for second-harmonic generation (SHG)enhanced if the fundamental (or the SH frequency) equals
the particle resonance (particle plasmon). Consequently, if the
obtained frequency dependence of the SH efficiency follows
the spectral dependence of the right-hand side of (1), this
corroborates the assumption that the acting SH mechanism
monitors the resonantly driven plasma oscillation at the fun-
damental and thus also the decay time extracted from the SH
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Fig. 1. Set-up for interferometric fs autocorrelation measurement. For meas-
urement of the plasmon’s field autocorrelation the BBO crystal is substiFig. 2. Temporal behavior of the pulse laser fielabld) and the resonantly
tuted by the MNP sample driven plasmon fieldttin)
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autocorrelation measurement represents the decaying plasiias each rotationally symmetric with the symmetry axis nor-
oscillation at the fundamental. mal to the substrate plane. The particle centers are arranged
For the intended measurement of the decay time the metat the edges of a right-angle triangle. The remaining sym-
particles have to meet several criteria which can hardly be mehetry elements characterize the particle of symmetry class
by particles fabricated by the simple technologies used, suamm2, which has five independent nonvanishing elements of
as thermal evaporation, chemical deposition, etc. (a) The pathe SHG tensorxzx yzy, zxx zyy, zzz[22].
ticles have to possess high SH efficiency at normal incidence To drive the intended SHG tensor elemernt3 the par-
of the fundamental. (b) In order to keep the photon flux lowticle should have the resonance at the fundamental for a po-
enough for electron gas heating to be neglected, for sufficietdrization direction in the mirror symmetry plangz(plane in
signal intensity, the SH efficiency must be as high as possibldzig. 3) and at vertical incidence to the substrate planei{
(c) The particle resonance must be exactly at the fundamentakction). As the frequency tuning parameter, the height of the
These criteria were met by a method that allows tailoringparticle was used, which can easily be done by variation of
of the particle shape and the arrangement pattern, thus the rélse amount of deposited metal. Figure 4a,b shows the cor-
onance frequency and the strength of particle interaction caesponding absorption spectra of such particles from gold in
be tuned independently. The chosen method is an advancadjuadratic arrangement pattern witd&0 nmgrating con-
electron beam lithography technique (EBL) [19, 20]. EBL al-stant for both polarization directions: (a) parallelaxis in
lows us to position metallic nanoparticles of any shape, siz€ig. 3) and (b) perpendiculax @xis in Fig. 3) to the particle
(down to a minimum curvature radius of appr@d.nm) and  mirror plane. As can be seen in (a) the particle resonance
orientation in any arrangement pattern on a flat (e.g. dieleczould be tuned exactly to the laser wavelengt@&@ nmby
tric) substrate. The mostimportant feature for this work is thehoosing the particle height 8 nm The spectrum shows
possibility to design the symmetry properties of the individuakwo additional but weaker peaks which we assign to other
particles in order to maximize the SHG efficiency when themodes of the system. For a polarization direction normal to
incident fundamental beam is normal to the substrate planethe mirror plane (b) the spectrum is quite different, without
For second-order optical nonlinearity the lack of cen-a resonance at the fundamental. The width of the main peak
trosymmetry is a necessary condition. Although a metal pars 75 nm and approximately equals the resulting homoge-
ticle’s surface itself represents a noncentrosymmetric systempus line width. This shows that there is only a very small
in a particle of rotational symmetric shape the integrated Sihhomogenous contribution due to a distribution in particle
contributions of all surface elements destructively interfereshapes, which was also proven by SEM measurements of the
and thus the SH efficiency at a fundamental incidence parashape distribution.
lel to the rotation axis is zero in the dipole limit. Thus, MNPs
of noncentrosymmetric shape must be used [21]. In order to

design a particle with optimized SH efficiency at vertical inci- ~ 0.40
dence of the fundamental the following conditions have to b
fulfilled: (i) The particle must have the greatest possible struc 0.30 a

tural deviation from centrosymmetry. (i) The particle must

show plasmon resonance at the fundamental for a polariz: ©

tion direction that drives the strongest dipolar second- orde w 0.20

nonlinear contribution.
Both criteria are well fulfilled by a composite particle (see Ll

Fig. 3). It is assembled from three identical coalescing parti  0.10
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Fig. 4. Absorption spectra of the SHG optimized MNP shown in Fig. 3. for
polarization direction parallel (a) and normal (b) to the mirror plane. (c), (d)
are the corresponding spectra for identical particles but in a centrosymmet-
Fig. 3. Shape and coordinates of SHG optimized MNP ric arrangement pattern (see Fig. 5)
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SHG efficiency measurements at particles with resonance An autocorrelation measurement was performed with the
frequencies differing from the fundamental laser wavelengtimoncentrosymmetric sample described above. Figure 6 shows
show the expected dependence discussed above: the effie results for gold particles. The corresponding ACF of the
ciency follows the wavelength dependence of the squarddser pulse measured with a thin BBO crystal is shown by
linear susceptibilityx ¥ (w) showing that the SHG really the bold line. As can be clearly seen, the ACF of the parti-
originates from the nonlinearity produced by the resonantlgles is broader than the ACF of the exciting laser pulse. The
enhanced plasmon field. evaluation of the measured ACF is done by comparison with

In order to ensure that the strong SHG of the designed model ACF. In the simulation, a distribution of harmonic
particles is mainly caused by the noncentrosymmetric shapscillators with variable decay time (damping) was driven by
of the particles, a reference system was designed as an artitg field of a sechshapedl5-fs laser pulse corresponding
of identical particles in an identical arrangement pattern buto the experimentally used laser pulse characterized by the
with changed particle orientation so that the over-all symmeBBO measurement (Kerr-lens mode-locKedapphire laser;
try of the system is now centrosymmetric. The SEM picturegroup velocity dispersion compensated by chirped mirrors,
in Fig. 5 shows both cases, noncentrosymmetric (a) and ceentral wavelength of80 nn). The accuracy of this method
trosymmetric (b) particle arrangement. In Fig. 4c,d the linears +1 fs. This evaluation method is used to obtain the plasmon
absorption spectra of the centrosymmetric arrangement ackecay time from the measured ACF even in the case of an in-
shown for both polarization directions. As can be seen byiomogenously broadened absorption due to unequally shaped
comparison with Fig. 4a,b, the spectra are identical with th@articles in the sample array [23]. The pulse energy fluence at
spectra of the noncentrosymmetric case. The SH efficienciethe sample was kept belds J/cm? where no dependence
however, at a fundamental wavelength7&0 nmwith a po-  of the decay time on the intensity was observed, which en-
larization direction corresponding to case (a) in Fig. 5 aresures that changes in the nonlinear optical efficiency caused
more than a factor 40 lower in the centrosymmetric case. by electron heating [9] can be neglected.

The resulting plasmon decay timeg for Ag and Au
particles of the described noncentrosymmetric shape and
arrangement pattern (Fig.5a), deposited on an indium-
tin-oxide-coated (ITO) glass substrate (ITO thickness of
30 nm) [14] are shown in Table 1 and compared with the de-
cay time deduced from” values of the bulk metal at =

Table 1. Measured and calculated plasmon decay timesAforand Ag at
A =780nm

pi/fs measured p1/fs calculated

Au 6+1 7+1
Ag 7+10 1237
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- Fig. 6. Interferometric autocorrelation functions for the laser pulseld)
Fig.5a,b. MNP arrangement pattern: non centrosymmetag §nd cen-  measured with BBO crystal and the MNP’s plasmtmnin(line) for gold as
trosymmetric ) the metal



780 nm(exciting wavelength) by a single-particle model [11] 3.
with radiation damping taken into consideration.

For gold the experimentally obtained and modeled values *
agree very well. In the case of silver the experimentally ob- 5
tained values vary between 7 ah@ fs depending on prep-
aration conditions such as substrate roughness, lithographi@.
processing parameters, etc. This finding and the fact that cal-
culated decay times found by using bulk values are longer
than those found experimentally in any case, suggests that’
in the case of silver, in contrast to gold, surface chemical

damping mechanisms are active [1,24]. Due to the differ-10.
ent bulk values of the silver dielectric function listed in the 11-

literature [25, 26] the calculated decay times for silver vary ,,
considerably depending on the data source used.

For gold particles, single-particle spectroscopy was useds.
to give a value o8B fs for the dephasing time of the polariza- 14

15.

tion T, [12]. As this dephasing time is related to the plasmon
decay time byT, = 27y, the comparable value of these meas-

urements igl fs. Taking into account that these measurementssg.

have been performed at a wavelength680 nmwhere in-
terband transitions cause stronger absorptions tha@Gthm
this result agrees very well with ours.
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