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Abstract. A new method for investigating the electron dy- electron—electron scattering [6, 7]. This could be one of the
namics of free metallic nanoparticles suspended in a carrieeasons for the observed huge yield enhancement in photoe-
gasis described. Monodisperse nanopatrticles in the size rangession in metallic nanoparticles [8] and their high catalytic
from 10 to80 nmpass through a photoionization tube, whereactivity. To our knowledge, unfortunately, no theoretical cal-
they are irradiated by a pump and a probe fs laser pulse. Ttalation has yet been published dealing with the scattering
nonlinear effect caused by the two photon photoionizatiomate of optically excited electrons in nanoparticles, where the
process allows to study the inelastic lifetime of optically ex-electronic system is confined in all three dimensions.

cited electrons in the intermediate state in the time domain by Nearly all experimental studies on optically excited metal-

means of a crosscorrelation experiment. lic nanoparticles carried out so far have been concentrated
on the investigation of the surface plasmon (SP) resonance,
PACS: 78.47.+p; 71.24.+q; 72.15.Lh which is a collective electron—plasma oscillation [9,10].

In contrast to a flat metal surface, surface polarization in

nanoparticles causes elastic repulsion forces which create the
Excitation and relaxation of electrons in solids play a keycondition required for resonance behavior. Extensive studies
role in a number of important physical phenomena includhave been made on the dephasing and decay mechanisms of
ing the interaction of molecules with surfaces. Relaxatiorthe SP [5, 11].
of optically excited electrons in solids is caused by differ- However, little is known about the inelastic lifetimg ¢
ent mechanisms, such as electron—plasmon, electron—electroiha single excited electron in a nanoparticle (not the decay
and electron—phonon scattering. In the case of metals witlef a surface plasmon into a single electron—hole excitation).
out the unoccupied orbitals being restricted by a band gap, th& standard technique for studying . is time-resolved two-
hot electrons relax directly to a thermal equilibrium with the photon photoemission (TR-2PPE). The conventional method
whole electron gas. Therefore, the lifetime of single excitedor investigating the electron dynamics of metallic nanopar-
electronic states is always short, typically of the order of onlyticles is either to deposit the particles first on a substrate or
a few femtoseconds. Detailed studies of relaxation phenone use nanolithographically designed particles out of a thin
ena in the time domain began just half a decade ago [1, 2inetallic film on top of a dielectric or conductive substrate [5,
For optically excited electrons with excitation energiekT  11]. The observed inelastic lifetimg ¢ in a TR-2PPE ex-
and at low carrier densities, the dominant relaxation procegseriment would be strongly disturbed by substrate electrons
is inelastic scattering of the excited electrons with electrongnd, in the case of a conductive substrate, by unknown
at and just below the Fermi level, leaving both electrons irparticle—matrix interactions.
previously unoccupied states above the Fermi level. The stan- We investigated the electron dynamics of entirely free
dard theory ofe— e scattering is based on Landau’s theorymetallic nanoparticles suspended in a carrier gas at atmo-
of Fermi liquids [3]. In the free electron approximation the spheric pressure by means of time-resolved two-photon pho-
probability ofe — e scattering depends on the available phasé¢oionization (TR-2PPI). Monodisperse nanoparticles in the
space (i.e. on the density of states (DOS) arobpdand the size range from 10 t80 nmpass through a photoionization
interaction between the electrons, which can be described liybe, where they are irradiated by a pump and a probe fs laser
a screened Coulomb potential [4]. pulse.

When the dimensionality of the metallic system is re- The pump pulse generates electron—hole pairs in the par-
duced, both parameters, the DOS arotpdand the screen- ticle; the photon energy is chosen to be lower than the work
ing length, will change considerably, resulting in a differentfunction, so that no electrons are emitted. During the lifetime
energy dependence of the scattering rate. Therefore, the dgf the excitation, a second photon from the probe laser pulse
namics of hot electrons in metallic particles is assumed t@an be absorbed. The excited electron can be photoemitted
strongly depend on particle size and shape [5]; for instance&nd, hence, the particles become ionized. The high carrier gas
an increased lifetime is expected compared to the metallipressure does not allow any energy analysis of the photoelec-
bulk value, which is caused by the reduced phase space ftons, but it still permits us to count the number of ionized
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particles as a function of the time delay between the pump Our initial investigations have shown that the signal-to-
and probe laser pulses. background ratio can be substantially increased by first charg-
ing all particles with one excess electron and photoemitting
) the excess electron by a 2PPI process. In this case, the 2PPI-
1 Experiment excited particles become electrically neutral. The gas with the

: . . . suspended particles is guided through an electrofilter where
Combined with ultrafast laser techniques, time-resolved 2PR} ¢ oy uncharged particles can be separated and counted. If

can monitor the decay of the population of the intermediatge \yere to start with neutral particles and measure the accu-
statesE; in time domain. This is made possible by means ofy,jated charge of the ionized particles, a much higher laser

a pump—probe experiment: the first laser pulse X pumps  jntensity would be needed to get enough ionized particles for
electrons into the intermediate stdig, followed by a second 3 ¢rent measurement. Taking into account that a nanopar-

laser pulsel{vz) which subsequently photoemits the excited;icie gjready contains thousands of atoms, we do not expect

electrons (see Fig. 1a). By varying the time delay between thg yqticeaple change of the band structure caused by the excess
two pulses, the lifetime of the intermediate (normally unoccuectron.

pied) states can be probed. . _ Aschematic overview of the experimental set-up is shown
In contrast to the TR-2PPE method, which enables the ki, rig 2 Metallic nanoparticles are produced through con-

.= densation of a metal vapor. For gold, the vapor is produced
the TR-2PPI process does not allow an exact determinatiqfyq,gh an electrical discharge between two gold electrodes.

of the intermediate state energy. The extracted relaxation The heat generated by the spark vaporizes some material
time is an average of the population decay times of all excitef oy the electrode. Palladium vapor is produced by heat-
intermediate states, from where electrons can escape into thg, 5 palladium wire. A carrier gas (nitroger0% at atmo-
vacuum due to the probe laser pulse. The energy interval Qheric pressure flows through the production unit and carries
possible intermediate stat&sis given by the particles through the experiment; the settling velocity of
@ —hvy < E <huy | 1 a nanopar;icle under_the influence _of gravita'gion is negligible
so the particles remain suspended in the carrier gas. The metal
where® is the size-dependent work function of the nanoparvapor cools rapidly in the carrier gas and condenses to parti-
ticles andhv; and hv, the photon energy of the pump and cles and agglomerates in the size rat§e100 nm Most of
probe laser pulse, respectively (see Fig. 1b). This energthe particles will be electrically charged after production. In
range can be minimized by working in the two-color modea diffusion charger the charge distribution on the particles is
(pump pulsehvy, probe pulséhvy; hvy # hvy) at the thresh-  brought to an equilibrium: a radioactive source produces ion-
old limit (hv1 + hv, = @). By tuninghv the inelastic lifetime  ized gas molecules which attach to the charged particles. The
of a single excited electronic state versus energy can be dessultis that nearly all particles smaller thE®0 nmare either
termined like in a normal TR-2PPE measurement. In thisieutral or receive a single negative or a single positive charge.
work, however, we will concentrate on the performance and The particle size is selected in a differential mobility an-
potential of this novel method and present first datéAof alyzer (DMA) [12], a device in which charged patrticles are
and Pd nanoparticles obtained in the monochromatic modaittracted by a high voltage. The drag force acting on a par-
(hvy = hvy). The two metals have about the same work func-
tion, which allows a comparison of the obtained averaged
relaxation times. Particle production  Diffusion charging Size selection
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ticle in a gas is proportional to the particle diameter. Parti2 Data analysis

cles with a small diameter move faster in the electric field

than particles of a large diameter as long as both carry th€he pump—probe experiments are carried out by monitoring
same charge. By varying the voltage one can select the pahe number of neutral nanoparticles as a function of the de-
ticle size. Only the particles in the selected size range calay between pump and probe pulses (two-pulse correlation
exit the DMA through a narrow slit. Using a positive volt- experiment). Raw data from scans obtainedAorand Pd

age in the DMA we select particles with one excess negativeanoparticles (siz€0 nm) are shown in Fig. 4. Actually we
charge. Thereafter, the monodisperse negatively charged paneasure a background (see left and right sides of Fig. 4),
ticles pass through the photoionization tube, where some dhat originates from neutral particles which lost their excess
them are neutralized by the 2PPI process. The gas carryireectron by two photons from the same laser pulse. The non-
the particles is passed through an electrostatic precipitatdinear character of the two-photon photoionization (2PPI is
in which all charged particles are deposited. The remaina second-order process) leads to an increase in the 2PPI yield
ing neutral particles are counted with a condensation nucleughen the pulses are spatially and temporally superimposed,
counter (CNC), which is an optical single-particle counter.as seen byAt =0 in Fig. 4. As long as the two laser pulses
Submicron particles act as condensation nuclei in a satduemporally overlap it is obvious that an electron can be emit-
rated 1-butanol vapor. They grow through butanol condented by absorbing one photon from each pulse. When the
sation and can be counted optically by light scattering. Wepulses are temporally separated, an excited electron from the
also monitor the output of the particle source with an elecfirst pulse is still able to absorb a photon from the second
trometer in order to correct for fluctuations in the particlepulse as long as the inelastic lifetime of the intermediate state
number. exceeds the delay.

The TR-2PPI experiments are performed with a fem- In the experiment, the signal is affected by the finite
tosecond mode-lockedi:sapphire laser, pumped by about pulse width of the laser pulse. Therefore, two-pulse corre-
10 W from a cwArt laser (see Fig. 3). The system deliverslation data are the result of a convolution of the actual sig-
transform-limited and seértemporal shaped pulses with up nal (decay function) with the pump and probe pulse. The
to 10 nJpulseand a duration oi0-50 fsat a repetition rate most plausible and straightforward method for comparing ex-
of 82 MHz The linearly polarized output of th&i:sapphire perimentally determined electron relaxation phenomena with
laser is frequency doubled inda2-mm+-thick beta-barium bo- theoretical hypotheses would be to compare experimental dy-
rate (BBO) crystal to produce UV pulsestat=3.1eV. The  namic traces with simulated relaxation curves. This method
UV beam is sent through a pair of fused silica prisms tas known as reconvolution and is in fact the inverse of de-
pre-compensate for pulse broadening due to dispersive eleenvolution; by supposing a simplified mechanism prior to
ments like lenses, beamsplitters and the photoionization tultee numerical evaluation, calculated (convolved) points can
window in the optical path. The pulses are divided by a beambe constructed. The sum of the squared differences from
splitter into equal intensity (pump and probe) pulses, andhe measured points can then be minimized to obtain least-
one path is delayed with respect to the other by a computesquares estimates for the dynamic parameters that are con-
controlled delay stage. Both beams are combined collinearliained in the assumed mechanism. However, one should be
and crosspolarized by a second beamsplitter and focused intareful in interpreting the experimental traces; the most sim-
the photoionization tube. The tube length is ab80tcm  ple mechanism (e.g. a monoexponential decay), which is con-
We use laser pulses at low fluence and peak power to avoicenient for describing the convoluted 2PPI traces in detall, is
space charge effects and highly excited electron distributiongot necessarily the correct one. For some traces one can eas-
Therefore, we measure the relaxation of single excited eledly obtain a nearly perfect fit to the convoluted traces with
tronic states rather than the collective behavior of a transientlgn oversimplified mechanism. This also means that, unless
heated nonequilibrium electron gas. independently obtained evidence would support a particular
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mechanism, parameters estimated from pump—probe resulds Results and discussion

are to be regarded only within the framework of that par-

ticular mechanism. They are, however, a fingerprint of therhe reconvolution using a rate equation model for the pop-

fast and complicated electron relaxation process in metalliglation of the intermediate state to fit the traces of Fig. 4

nanoparticles. For our reconvolution, a rate equation modeksults in a mean lifetimeze_o) = 6 fs and 15fs for Pd

has been used for the population of the intermediate statand Au nanoparticles, respectively. Taking into account that

This model is equivalent to the Bloch equations for a threethe work functions of both metallic nanoparticles are nearly

level system in the limit of rapid dephasing [13]. In this equivalent §.04 0.2 eV), the average lifetime of a single ex-

case, the evolution of the transient populati(t) of the  cited electron in @u nanoparticle is roughly twice that of

intermediate level is given bgN(t)/dt = A(t) — N(t)/te_e,  a Pdnanoparticle in the probed energy range3EV < E —

whereA(t) is the excitation induced by the first (oump) laser Ex < 3.1 eV).

pulse. Gold has a much lower DOS around the Fermi energy
A further difficulty is finding the laser intensity cross- than palladium does. A higher density of occupied and unoc-

correlation curvely(t) ® Is(t) in the photoionization tube cupied states near the Fermi level is expected to lead to faster

(underlying instrument-response function), because it igelaxation and hence to a shorter inelastic lifetime of excited

not possible to autocorrelate the frequency-doubled outelectronic states. This prediction has been confirmed by TR-

put of the laser system390nn) with a doubling crys- 2PPE measurements on bulk states of transition metals [14].

tal (BBO) to determine its full width at half maximum The experimental values for transition metals are about a fac-

(FWHM). Instead, we crosscorrelate the output of the lasetor 10 smaller than those of noble metals.

system by means of the nonlinear 2PPE process on a tran-

sition metal surface. In transition metals with a large num-

ber of unoccupied d orbitals, the inelastic lifetimge is 4 Summary and conclusions

shorter than2fs at higher excitation energieE( Er >

3eV, [14]). At those energies, electrons relax faster tharrhe present work shows that the time-resolved two-photon
can be observed within our time resolution. Hence, the)hstoionization based on the equal pulse correlation tech-
FWHM of the two pulse correlation signals decreases tique can be used to investigate the relaxation processes
a nearly constant value at higher energies, and this valyg ‘gingle excited electrons in free monodisperse metallic

is (within < 2fs) consistent with the electric field cross- anoparticles. The performance of the technique shown on

correlation curve of the laser pulse. In fact this methody, anq pd nanoparticles is sufficient for obtaining a time
is equivalent to second harmonic generation (SHG)

. X Mesolution of only a few fs. This is necessary to study the
a thin nonlinear crystal, where we also do not expect pul

. A ISBynamics in metallic systems, where the hot electrons re-
broadening caused by the SHG process within our timeyy girectly to a thermal equilibrium with the whole electron
resolution. . . gas. Better results would be possible by using a tunable light

We built a small photoemission cell to determine the unq e (OPA), which allows us to work in the two-color mode
derlying instrument-response function (see Fig. 4). Its enznq a¢ the threshold limit and thus to probe a more restricted
trance window is identical to that of the photoionization

X . - energy range.
tube in order to create the same dispersion in the laser gyrang
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