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Electron gas cooling in Ag nanoparticles on graphite
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The electron energy distribution in supported Ag nanoparticles is measured using multiphoton photoemis-
sion. The variation of the photoemission spectrum with temperature allows us to measure the electron gas
temperature in the particles. Time-resolved photoemission reveals an electron gas cooling rate of about
0.7 ps ! that varies little with sizé¢1.5—-4.5 nm and is reduced by a factor of about 2 in comparison to bulk
Ag and embedded nanoparticles. The modified relaxation behavior for supported nanopatrticles is attributed to
the different role of excited electron transfer.
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Controlling the surface composition and structure on a Time-resolved two-photon photoemission can be ex-
nanometer scale allows us to prepare surfaces with custonended to the investigation of inhomogeneous surfaces by
made properties. This is possible since the properties afining the laser excitation to a specific resonance. This reso-
nanoparticles are influenced by their size, shape, and the cOlance enhanced two-photon photoemission spectroscopy of
pling to the substrate. Supported nanoparticles retain some gf, inhomogeneous surface has recently been demonstrated
fche properties of |solgte_d partlcles_ and are therefo.re of grefﬂsing Ag nanoparticles supported on graphitéor in larger
interest, e.g., to optimize catalytic surface reactiord: o1 crures formed by lithograptyThe nanoparticles on
though the mf!uence .Of partlcle size and electronic prOpertleﬁraphite are excited selectively by tuning the wavelength of
on the catalytic activity is knowfr’ a complete understand- the laser pulses into the surface plasmon resonance. In con-

ing of the mechanisms is missing. In particular, the influenc rast 1o this. two-photon photoemission fr lected
of the electronic structure of nanoparticles on their catalytic IS, tWo-p P ISSI om mass-selecte

activity is not well understood. In addition to the electronic STall Ag, clusters (=2-9) dszt)é)sited on graphite occurs
structure, the relaxation behavior of exited electrons is rel¥id an excitation of the substratein case of the resonant

evant. Recently, it has been demonstrated that a hot electrérxcitation of larger nanoparticles investigated here, the total
gas that is not in equilibrium with the lattice can induce photoemission yield is dominated by the emission from the

chemical surface reactions that are inhibited under equilibhanoparticles although the nanoparticles cover only about
rium conditions’ Accordingly, the relaxation behavior of ex- one percent of the substraféHere we demonstrate that this
cited electrons influences the reactivity of an interface and ilominating photoemission from the nanoparticles allows
is therefore important to gain insight how nanostructuringto probe the transient electron energy distribution in the
modifies the electron relaxation at interfaces. Here we demRanoparticles.
onstrate, that time-resolved two-photon photoemission spec- The nanoparticles were prepared following the procedure
troscopy provides a direct probe for the electron energwiven in Ref. 17. Cleaved highly oriented pyrolytic graphite
distribution and, therefore, allows us to investigate the elec(HOPQ is sputtered with A ions (1 keV, 13 cm™2) and
tron relaxation in supported nanoparticles in pump-probeoxidized in air (T=520°C, 20 min thereby forming pits in
experiments. the topmost layer of the graphite. Silver is evaporated onto
Electron-electron, electron-surface, and electron-phonothe sample (0.1 As!, 10 s, 350 °C), condenses into the pits
scattering events determine the relaxation of nonequilibriunand forms particles of several nanometers height with an
electrons in metals. In recent years time-resolved reflectioheight to diameter ratio larger than 0.6. Ansitu scanning
or absorption measurementsand two-photon photoemis- tunneling microscopy allows us to determine the height dis-
sion spectroscopy® were used to investigate the responsetribution of the nanoparticles that exhibits typically a relative
of the electron gas in bulk metals or thin films directly in the width of about 25%. Time-resolved two-photon photoemis-
time domain. All these techniques are based on the pumpsion spectroscopy is performed using the output of an ampli-
probe scheme, i.e., a first ultrashort laser pulse excites thigied Ti:sapphire laser syste(76 nm, 60 fs pulse duration,
system and a second time-delayed laser pulse monitors thiepetition rate 100 kHz, focus 30m diametey and its sec-
effect of the first one. The optical excitation with a laserond harmonic(388 nm, 50 fs pulse duration, focus 20n
pulse leads to a transient perturbation of the electron energyiametey as pump and probe pulses, respectively. For time-
distribution f(E). The pure optical methods, i.e., reflection resolved studies, pump and probe pulses are delayed with
and transmission measurements, indirectly monitor this tranrespect to each other. The kinetic energy of the emitted pho-
sient f(E) via the change of the dielectric functiarfw).!*  toelectrons is analyzed using a time-of-flight spectrometer.
Therefore, their interpretation is based on linking the non- The pump-probe scheme is depicted in Figa)1The ir-
equilibrium electron distribution t@(w). In contrast, time- radiation of the sample with an ultrashort laser pulse at 776
resolved two-photon photoemission spectroscopy reveals di*m (1.6 €V) is not resonant with the surface plasmon of the
rectly the occupation of intermediate states and therefor@anoparticles. This leads to the formation of a non-
provides energy resolved information on the evolving elecequilibrium electron distribution in substrate and metal nano-
tron distribution’*2 particles as schematically indicated by the steps in the elec-
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(C) g 1041 ' ' ' ' /ozg;o;o\ . FIG. 2. Two-photon photoemission spectra from Ag nanopar-
D S o= ticles on graphite for different sample temperatures. The solid lines
& or ’ ; ’ . /}T ) ; ] represent best fit results using the fitting function described in the
-0.4 -0.4 0.2 0.2 0.4 text. The relation between the electron gas temperdiyrebtained
Initial State Energy E-E¢,,,; [eV] from the fit and the actual sample temperatligds shown as inset

assuming either infinite spectral resolutieircles or a constant

FIG. 1. (a) Scheme of pump- and probe-pulse excitation of sup-put finite spectral resolutiofsquares The solid line represents a
ported nanoparticles on graphite. The shaded area in the represaine to one relation.
tation of the silver density of statédotted lineg indicates the oc-
cupation of states(b) Two-photon photoemission spectra for sion experiments using a thin Au filld.However, the deter-
different pump-probe delays for Ag nanoparticles on grapf@te  mination of an absolute electron gas temperature from the
erage particle height 4.4 nras a function of the initial state energy. shape of the spectrum is based on several assumptions, e.g.,
The thick solid lines represent best fits to the experimental datghout the energy distribution of the joint density of states for
using the fitting function explained in the text. The total spectrumiha optical excitation or the spectrometer transmission.
for excitation with the probe pulse3.2 eV, laser fluence  Therefore, it is crucial to unambiguously link the shape of
0.1 mq cm <) alone is shown_ in the insefc) le'fere_nce between the spectrum with the electron gas temperafiyy a cali-
experimental spectrum and fit a for delay-eb ps(triangle) and 1 oo method. This is achieved by recording spectra at dif-
ps (circle). ferent sample temperatures and relating their shape to the

actual sample temperature. Two-photon photoemission spec-

tron occupation in Fig. ®). The probe pulse at 388 nf8.2  tra are recorded for sample temperatures in the range be-
eV) is resonant with the surface plasmon and a two-phototween 300-900 K. Note that the spectra are recorded at a
photoemission process leads to the selective photoemissidower fluence of the 388 nm radiation than the spectra shown
from the Ag nanoparticles. The photoemission spectrum oin Fig. 1(b) leading to a lower three-photon contribution in
the probe pulse alone is shown as an inset in ). The  the spectra. The higher probe fluence in the time-resolved
two-photon photoemission contribution reaches up to kinetiexperiment is chosen to achieve sufficient statistics in the
electron energies of 2.3 eV, limited by the photoemissiorspectra. The slope of the photoelectron spectrum in the vi-
from initial states close t&g . The photoelectrons at kinetic cinity of E¢ increases continuously as the sample tempera-
energies above 2.3 eV originate from higher order multiphoture decrease¢Fig. 2). For a quantitative comparison the
ton processes. For initial states closeEothe relative con-  shape of the spectrum is parametrized by a phenomenologi-
tribution of photoelectrons emitted from the HOPG substratecal fitting function. For initial state energies closeHg the
has been shown to be less than 0.2%Bhotoelectron spec- shape of the spectrum is modeled by a function consisting of
tra for three different pump-probe delay times are shown ira Fermi function multiplied by an exponential and convo-
Fig. 1(b). At negative pump-probe delay, i.e. the probe pre-luted with a normal distribution. The temperature dependent
cedes the pump, the spectrum exhibits a steep slope for iniFermi function then directly represents the changing occupa-
tial states close t&r, reflecting the low temperature of the tion of states and, therefore, the changes of the spectrum with
electron gas. At a delay of 0.1 ps the photoelectron spectrurnthe electron gas temperatufg,. The exponential takes into
extends to higher energies and the slope is less steep. Withagcount the spectrometer transmission and the photoemission
further increase of the pump-probe deldyps the steepness probability. The convolution with a normal distribution al-
increases again and for large delay the original shape of thiews for the finite spectrometer resolution and additional
spectrum is restored. The observed transient shape of ttgpectral broadening mechanisms such as the finite spectral
spectrum is in good qualitative agreement with the observawidth of the excitation laser pulses. Assuming the absence of
tions of Fannet al. in time resolved two-photon photoemis- spectral broadening the electron gas temperaiyrgopen
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circles in inset in Fig. 2is higher than the actual sample ' ' ' ' ' ' '
temperaturel ;. With rising T, however, the difference be- o

gp @™
tween both temperatures becomes smaller. The difference be- 1500 @, ]
tween the experimentally determin€l,, and the actual o, 9 mJ cm™®
sample temperatur@, is attributed to spectral broadening. < 0 %o % 1 =0.63(7) ps”
Adjusting the width of the normal distribution in the fitting %1000 I °
function eliminates the differenc@pen squares in inset in = 1
Fig. 2. Note that the broadening parameter is identical for 500 | i 2 |
all spectra in the calibration sequence. The good agreement e 6mJcm
betweenT . and T shows that the shape of the Fermi edge in "e®  1'=0.73(8) ps”’
the spectra is a quantitative measure Tgrin Ag nanopar- oLl— : : : : - -

-1 0 1 2 3 4 5 6

ticles on graphite. The result demonstrates that the two-
grap Pump-Probe Delay [ps]

photon probe process conserves the information about the

initial state energy and that the shape of the spectrum reflects g\, 3. The transient electron gas temperaflgeas it is deter-

the electron energy distributiof(E) close toEg . mined by fitting of the photoemission spectra is shown for two
Based on this calibration, the spectra shown in Fi@p) 1 different pump laser fluences. The Ag nanoparticles supported on

are parametrized by fitting the abovementioned function. Thgraphite have an average particle height of 4.4 nm. The cross cor-

best fits for spectra recorded at different pump-probe delaytglation of pump and probe pulse is shown as shaded area.

are shown in Fig. (b). Up to 0.2 eV abové& the fit closely

follows the experimental data. The good agreement betweegyoadening parameter indicates that this effect is smaller than
data and fit shows th&ft(E) in the vicinity of Er is again  the experimental uncertainty of the calibration and can there-
well characterized by an electron gas temperaflye At fore be neglected.
higher energy the fit deviates from the spectra because of The fitting results for the fit parametdi, are shown in
contributions from three-photon photoemission by the probd=ig. 3 as a function of the pump-probe delay. In coincidence
pulse and a nonthermal electron distribution generated by theith the pump pulseT, starts to rise and reaches its maxi-
pump pulse. The three-photon contribution generated by thewum at 1200 and 1800 K for 6 and 9 mJchpump fluence,
probe pulse is independent of the pump-probe delay and thugspectively. The maximum is reached only about 100 to 200
can be determined in a spectrum recorded at negative deldy after the termination of the pump pulse. It does not reflect
as the difference between fit and experimental d&ig. the excess energy in the electron gas since the corresponding
1(c)]. During overlap of pump and probe pulse and for aelectron distribution is not yet thermalized. However, the
small positive delay the electron distribution differs from aéelectron distribution for initial states in the energy range be-
thermal distribution. However, for a positive delay of one pstweenEg—0.2 eV andEg+0.2 eV is well described by the
the difference between experimental spectrum and model ffit parameteiT even for these nonthermal electron distribu-
is identical within the experimental uncertainty with that for tions. This is interesting with respect to a comparison with
negative delay, i.e., the difference results only from thetransient optical absorption measureméfits? since the
three-photon contribution. This shows that the electron distransient optical response is primarily sensitive to the largest
tribution in the nanoparticles is thermalized after 1 ps. Ac-change in the distribution function, i.e., the change in occu-
cordingly, the electron gas temperature for larger pumppation for states close to the Fermi level. After reaching its
probe delay is a direct measure of the excess energy stored fipaximum T decreases towards a value slightly above the
the electron gas. In contrast, for a small delay the parameténitial temperature. This reduction df, is accompanied by
T has no distinct physical meaning since the electron disthe formation of equilibrium between electron gas and lat-
tribution is nonthermal. tice. In the following we concentrate on the cooling of the
In principle, it is conceivable that the non-equilibrium be- electron gas and therefore we restrict the analysis of the tran-
tween electron gas and lattice, i.e., the different electron gasient temperature to a delay larger than 0.75 ps. Accordingly
and lattice temperature, can alter the shape of the photoemitiie obtainedr, is a good measure for the excess energy in
sion spectrum in comparison to thermal equilibrium condi-the electron gas and the determined cooling rate is not influ-
tions. This would introduce a systematic error in the deterenced by the initial nonthermal electron distribution. The fit-
mination of the transient electron gas temperature in thdéing of an exponential to the decay curveTf yields within
described pump-probe experiment. But as it is shown in théhe experimental uncertainty identical cooling rates of about
following the effect is negligible within the boundaries given 0.7 ps ! for both employed pump fluences.
by the experimental uncertainties. The dominating mecha- The cooling rates for differently sized nanoparticles and
nism influencing the spectral resolution is electron-phonoran Ag(111) crystal are summarized in Fig. 4. The electron
scattering in the intermediate or final state of the probe-pulsgas cooling rate in the nanoparticles is reduced by a factor of
photoemission process. An increased lattice temperature, i.ebout 2 compared to a crystalline @41 surface and shows
an increase of the number of phonons, leads to a broadeniranly a weak increase with particle size in the range between
of the spectral features that depends on the lattice temperd-5—-4.5 nm particle height. The cooling rate of 1.7
ture. However, the fact that we can fit all photoemission+0.4 ps ! for the Ag111) agrees well with the value 1.4
spectra of the heated samplBig. 2 using the identical +0.2 ps ' deduced from transient reflection measurements
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2.0 . . . —t fr— dictions of the two temperature modélTM)* a fluence

dependence of the cooling rate is expected. This discrepancy
Ag(111) ; indicates, that the electron relaxation in supported nanopar-
ticles cannot be treated using the TTM for a homogeneous
system. We attribute this to the fact that the TTM treats only
the energy exchange between electron gas and lattice and
does not take into account the transport of energy between
nanoparticle and substrate. On a short time-scale in particu-
1 lar, the transport of excited electrons between nanoparticle
and substrate influences the balance of energy in the nano-
particles. This process is determined by the interface be-
tween substrate and nanoparticle and therefore can account
1 for the vanishing size dependence of the cooling rate seen in
our experiments.
Summarizing, the resonant excitation of the surface plas-
mon in Ag nanoparticles and the associated enhancement of
0.0 1 2 n 4 —/— the two-photon photoemission from the nanoparticles allows
0 3 5 o us to monitor the transient electron energy distribution in the
Nanoparticle He|ght [nm] nanoparticles in time-resolved pump-probe experiments. The
spectral shape of the photoelectron spectrum together with a
FIG. 4. Electron gas cooling rate for different sized nanopar-temperature calibration obtained at different sample tempera-
ticles (x) and for a crystalline A@L11) surface(open squane The  tures provide a quantitative measure for the transient electron
different data points for a given average particle height reflect theyas temperature. In contrast to transient absorption spectros-
results from different experiments using the same sample but difeopy, that relies on a model dielectric function to extract the
ferent pump fluence covering the range 2—16 mJ&riThe closed  transientT,,, the two-photon photoemission spectrum is a
circle reflects the COOIing rate for a polycrystalline Ag film of 45 nm direct measure of the electron energy distribution in the Ag
thickness taken from Ref. 6. nanoparticles. The time resolved experiments exhibit an elec-
tron gas cooling rate for supported Ag nanoparticles of about
using thin polycrystalline Ag film§.Electron relaxation in 0.7 ps . It is reduced by a factor of 2 in comparison to bulk
embedded nanoparticles has been studied by time-resolveilver and shows only a weak size dependeficahe range
absorption experimentsee, e.g., Refs. 18—2®Ag nanopar- from 1.5 to 4.5 nm height The reduced cooling rate and the
ticles embedded in a glass matrix exhibit an increase ofact that it exhibits no significant fluence dependence
the cooling rate from 1.2—1.8 p$ with decreasing size in (2—16 mJcm?) deviates from the behavior of embedded
the range between 10—4 nm diaméfeThis is in contrast nanoparticles that has been reported in literature. We at-
to the reduced cooling rate for supported nanoparticlesribute this to the different role of energy transport between
reported here and we, therefore, conclude that the electrasubstrate and nanoparticle. In future experiments time-
relaxation in supported and embedded nanopatrticles diffenesolved experiments for nanoparticles on different sub-
substantially. strates, e.g., thin oxide layetswill allow us to investigate
A further discrepancy between embedded and supportetthe influence of excited electron transport between nanopar-
nanoparticles appears in the fluence dependence of the eldale and substrate. Furthermore, in the present work the tran-
tron gas cooling rate. Although, the pump laser fluence variesient electron distribution is reduced to a single parameter,
between 2—16 mJcnt in the experiments summarized in i.e., the electron gas temperature. However, the transient
Fig. 4, the electron gas cooling rate for supported nanoparspectral shape also contains information about the thermali-
ticles of about 0.7 ps' is constant within the experimental zation of the initial nonthermal electron energy distribution.
uncertainties. The corresponding maximum temperature risBased on a suitable model for electron relaxation in an inho-
of T, varies between 400 to 1600 K. However, according tomogeneous system, which is currently developed, this infor-
the experiments using embedded nanopartitlesthe pre- mation can be extracted from the experimental data.
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