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Electron gas cooling in Ag nanoparticles on graphite
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~Received 22 May 2003; published 16 October 2003!

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 ps21 that varies little with size~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 nanoparticles is attributed to
the different role of excited electron transfer.

DOI: 10.1103/PhysRevB.68.155416 PACS number~s!: 78.67.Bf, 73.22.2f, 78.47.1p
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Controlling the surface composition and structure on
nanometer scale allows us to prepare surfaces with cus
made properties. This is possible since the properties
nanoparticles are influenced by their size, shape, and the
pling to the substrate. Supported nanoparticles retain som
the properties of isolated particles and are therefore of g
interest, e.g., to optimize catalytic surface reactions.1 Al-
though the influence of particle size and electronic proper
on the catalytic activity is known,2,3 a complete understand
ing of the mechanisms is missing. In particular, the influen
of the electronic structure of nanoparticles on their cataly
activity is not well understood. In addition to the electron
structure, the relaxation behavior of exited electrons is
evant. Recently, it has been demonstrated that a hot elec
gas that is not in equilibrium with the lattice can indu
chemical surface reactions that are inhibited under equ
rium conditions.4 Accordingly, the relaxation behavior of ex
cited electrons influences the reactivity of an interface an
is therefore important to gain insight how nanostructur
modifies the electron relaxation at interfaces. Here we d
onstrate, that time-resolved two-photon photoemission sp
troscopy provides a direct probe for the electron ene
distribution and, therefore, allows us to investigate the e
tron relaxation in supported nanoparticles in pump-pro
experiments.

Electron-electron, electron-surface, and electron-pho
scattering events determine the relaxation of nonequilibr
electrons in metals. In recent years time-resolved reflec
or absorption measurements5,6 and two-photon photoemis
sion spectroscopy7–10 were used to investigate the respon
of the electron gas in bulk metals or thin films directly in t
time domain. All these techniques are based on the pu
probe scheme, i.e., a first ultrashort laser pulse excites
system and a second time-delayed laser pulse monitors
effect of the first one. The optical excitation with a las
pulse leads to a transient perturbation of the electron en
distribution f (E). The pure optical methods, i.e., reflectio
and transmission measurements, indirectly monitor this tr
sient f (E) via the change of the dielectric function«~v!.11

Therefore, their interpretation is based on linking the no
equilibrium electron distribution to«~v!. In contrast, time-
resolved two-photon photoemission spectroscopy reveals
rectly the occupation of intermediate states and there
provides energy resolved information on the evolving el
tron distribution.7,12
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Time-resolved two-photon photoemission can be
tended to the investigation of inhomogeneous surfaces
tuning the laser excitation to a specific resonance. This re
nance enhanced two-photon photoemission spectroscop
an inhomogeneous surface has recently been demonst
using Ag nanoparticles supported on graphite13,14or in larger
nanostructures formed by lithography.15 The nanoparticles on
graphite are excited selectively by tuning the wavelength
the laser pulses into the surface plasmon resonance. In
trast to this, two-photon photoemission from mass-selec
small Agn clusters (n52 – 9) deposited on graphite occu
via an excitation of the substrate.16 In case of the resonan
excitation of larger nanoparticles investigated here, the t
photoemission yield is dominated by the emission from
nanoparticles although the nanoparticles cover only ab
one percent of the substrate.13 Here we demonstrate that th
dominating photoemission from the nanoparticles allo
to probe the transient electron energy distribution in
nanoparticles.

The nanoparticles were prepared following the proced
given in Ref. 17. Cleaved highly oriented pyrolytic graph
~HOPG! is sputtered with Ar1 ions ~1 keV, 1011 cm22) and
oxidized in air (T5520 °C, 20 min! thereby forming pits in
the topmost layer of the graphite. Silver is evaporated o
the sample (0.1 Å s21, 10 s, 350 °C), condenses into the p
and forms particles of several nanometers height with
height to diameter ratio larger than 0.6. Anin situ scanning
tunneling microscopy allows us to determine the height d
tribution of the nanoparticles that exhibits typically a relati
width of about 25%. Time-resolved two-photon photoem
sion spectroscopy is performed using the output of an am
fied Ti:sapphire laser system~776 nm, 60 fs pulse duration
repetition rate 100 kHz, focus 30mm diameter! and its sec-
ond harmonic~388 nm, 50 fs pulse duration, focus 20mm
diameter! as pump and probe pulses, respectively. For tim
resolved studies, pump and probe pulses are delayed
respect to each other. The kinetic energy of the emitted p
toelectrons is analyzed using a time-of-flight spectromete

The pump-probe scheme is depicted in Fig. 1~a!. The ir-
radiation of the sample with an ultrashort laser pulse at 7
nm ~1.6 eV! is not resonant with the surface plasmon of t
nanoparticles. This leads to the formation of a no
equilibrium electron distribution in substrate and metal na
particles as schematically indicated by the steps in the e
©2003 The American Physical Society16-1



to
s
o

et
io
c
ho

at
-

i
re
i

e
ru
it

t
f t
rv
-

the
e.g.,

for

of

dif-
the

pec-
be-

at a
wn

in
ved
the
vi-
ra-
e
logi-

g of
o-
ent
pa-
with

sion
l-
al
ctral
e of

up
es

r

y.
a

um

ar-
nes
the

M. MERSCHDORF, W. PFEIFFER, S. VOLL, AND G. GERBER PHYSICAL REVIEW B68, 155416 ~2003!
tron occupation in Fig. 1~a!. The probe pulse at 388 nm~3.2
eV! is resonant with the surface plasmon and a two-pho
photoemission process leads to the selective photoemis
from the Ag nanoparticles. The photoemission spectrum
the probe pulse alone is shown as an inset in Fig. 1~b!. The
two-photon photoemission contribution reaches up to kin
electron energies of 2.3 eV, limited by the photoemiss
from initial states close toEF . The photoelectrons at kineti
energies above 2.3 eV originate from higher order multip
ton processes. For initial states close toEF the relative con-
tribution of photoelectrons emitted from the HOPG substr
has been shown to be less than 0.1 %.13 Photoelectron spec
tra for three different pump-probe delay times are shown
Fig. 1~b!. At negative pump-probe delay, i.e. the probe p
cedes the pump, the spectrum exhibits a steep slope for
tial states close toEF , reflecting the low temperature of th
electron gas. At a delay of 0.1 ps the photoelectron spect
extends to higher energies and the slope is less steep. W
further increase of the pump-probe delay~1 ps! the steepness
increases again and for large delay the original shape of
spectrum is restored. The observed transient shape o
spectrum is in good qualitative agreement with the obse
tions of Fannet al. in time resolved two-photon photoemis

FIG. 1. ~a! Scheme of pump- and probe-pulse excitation of s
ported nanoparticles on graphite. The shaded area in the repr
tation of the silver density of states~dotted lines! indicates the oc-
cupation of states.~b! Two-photon photoemission spectra fo
different pump-probe delays for Ag nanoparticles on graphite~av-
erage particle height 4.4 nm! as a function of the initial state energ
The thick solid lines represent best fits to the experimental d
using the fitting function explained in the text. The total spectr
for excitation with the probe pulse~3.2 eV, laser fluence
0.1 mJ cm22) alone is shown in the inset.~c! Difference between
experimental spectrum and fit a for delay of25 ps~triangle! and 1
ps ~circle!.
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sion experiments using a thin Au film.12 However, the deter-
mination of an absolute electron gas temperature from
shape of the spectrum is based on several assumptions,
about the energy distribution of the joint density of states
the optical excitation or the spectrometer transmission.

Therefore, it is crucial to unambiguously link the shape
the spectrum with the electron gas temperatureTel by a cali-
bration method. This is achieved by recording spectra at
ferent sample temperatures and relating their shape to
actual sample temperature. Two-photon photoemission s
tra are recorded for sample temperatures in the range
tween 300–900 K. Note that the spectra are recorded
lower fluence of the 388 nm radiation than the spectra sho
in Fig. 1~b! leading to a lower three-photon contribution
the spectra. The higher probe fluence in the time-resol
experiment is chosen to achieve sufficient statistics in
spectra. The slope of the photoelectron spectrum in the
cinity of EF increases continuously as the sample tempe
ture decreases~Fig. 2!. For a quantitative comparison th
shape of the spectrum is parametrized by a phenomeno
cal fitting function. For initial state energies close toEF the
shape of the spectrum is modeled by a function consistin
a Fermi function multiplied by an exponential and conv
luted with a normal distribution. The temperature depend
Fermi function then directly represents the changing occu
tion of states and, therefore, the changes of the spectrum
the electron gas temperatureTel . The exponential takes into
account the spectrometer transmission and the photoemis
probability. The convolution with a normal distribution a
lows for the finite spectrometer resolution and addition
spectral broadening mechanisms such as the finite spe
width of the excitation laser pulses. Assuming the absenc
spectral broadening the electron gas temperatureTel ~open

-
en-

ta

FIG. 2. Two-photon photoemission spectra from Ag nanop
ticles on graphite for different sample temperatures. The solid li
represent best fit results using the fitting function described in
text. The relation between the electron gas temperatureTel obtained
from the fit and the actual sample temperatureTs is shown as inset
assuming either infinite spectral resolution~circles! or a constant
but finite spectral resolution~squares!. The solid line represents a
one to one relation.
6-2
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circles in inset in Fig. 2! is higher than the actual samp
temperatureTs . With rising Ts , however, the difference be
tween both temperatures becomes smaller. The difference
tween the experimentally determinedTel and the actual
sample temperatureTs is attributed to spectral broadenin
Adjusting the width of the normal distribution in the fittin
function eliminates the difference~open squares in inset i
Fig. 2!. Note that the broadening parameter is identical
all spectra in the calibration sequence. The good agreem
betweenTel andTs shows that the shape of the Fermi edge
the spectra is a quantitative measure forTel in Ag nanopar-
ticles on graphite. The result demonstrates that the t
photon probe process conserves the information about
initial state energy and that the shape of the spectrum refl
the electron energy distributionf (E) close toEF .

Based on this calibration, the spectra shown in Fig. 1~b!
are parametrized by fitting the abovementioned function. T
best fits for spectra recorded at different pump-probe de
are shown in Fig. 1~b!. Up to 0.2 eV aboveEF the fit closely
follows the experimental data. The good agreement betw
data and fit shows thatf (E) in the vicinity of EF is again
well characterized by an electron gas temperatureTel . At
higher energy the fit deviates from the spectra becaus
contributions from three-photon photoemission by the pro
pulse and a nonthermal electron distribution generated by
pump pulse. The three-photon contribution generated by
probe pulse is independent of the pump-probe delay and
can be determined in a spectrum recorded at negative d
as the difference between fit and experimental data@Fig.
1~c!#. During overlap of pump and probe pulse and for
small positive delay the electron distribution differs from
thermal distribution. However, for a positive delay of one
the difference between experimental spectrum and mode
is identical within the experimental uncertainty with that f
negative delay, i.e., the difference results only from
three-photon contribution. This shows that the electron d
tribution in the nanoparticles is thermalized after 1 ps. A
cordingly, the electron gas temperature for larger pum
probe delay is a direct measure of the excess energy stor
the electron gas. In contrast, for a small delay the param
Tel has no distinct physical meaning since the electron
tribution is nonthermal.

In principle, it is conceivable that the non-equilibrium b
tween electron gas and lattice, i.e., the different electron
and lattice temperature, can alter the shape of the photoe
sion spectrum in comparison to thermal equilibrium con
tions. This would introduce a systematic error in the de
mination of the transient electron gas temperature in
described pump-probe experiment. But as it is shown in
following the effect is negligible within the boundaries give
by the experimental uncertainties. The dominating mec
nism influencing the spectral resolution is electron-phon
scattering in the intermediate or final state of the probe-pu
photoemission process. An increased lattice temperature
an increase of the number of phonons, leads to a broade
of the spectral features that depends on the lattice temp
ture. However, the fact that we can fit all photoemiss
spectra of the heated sample~Fig. 2! using the identical
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broadening parameter indicates that this effect is smaller t
the experimental uncertainty of the calibration and can the
fore be neglected.

The fitting results for the fit parameterTel are shown in
Fig. 3 as a function of the pump-probe delay. In coinciden
with the pump pulse,Tel starts to rise and reaches its max
mum at 1200 and 1800 K for 6 and 9 mJ cm22 pump fluence,
respectively. The maximum is reached only about 100 to 2
fs after the termination of the pump pulse. It does not refl
the excess energy in the electron gas since the correspon
electron distribution is not yet thermalized. However, t
electron distribution for initial states in the energy range b
tweenEF20.2 eV andEF10.2 eV is well described by the
fit parameterTel even for these nonthermal electron distrib
tions. This is interesting with respect to a comparison w
transient optical absorption measurements,18–20 since the
transient optical response is primarily sensitive to the larg
change in the distribution function, i.e., the change in oc
pation for states close to the Fermi level. After reaching
maximumTel decreases towards a value slightly above
initial temperature. This reduction ofTel is accompanied by
the formation of equilibrium between electron gas and l
tice. In the following we concentrate on the cooling of th
electron gas and therefore we restrict the analysis of the t
sient temperature to a delay larger than 0.75 ps. Accordin
the obtainedTel is a good measure for the excess energy
the electron gas and the determined cooling rate is not in
enced by the initial nonthermal electron distribution. The
ting of an exponential to the decay curve ofTel yields within
the experimental uncertainty identical cooling rates of ab
0.7 ps21 for both employed pump fluences.

The cooling rates for differently sized nanoparticles a
an Ag~111! crystal are summarized in Fig. 4. The electr
gas cooling rate in the nanoparticles is reduced by a facto
about 2 compared to a crystalline Ag~111! surface and shows
only a weak increase with particle size in the range betw
1.5–4.5 nm particle height. The cooling rate of 1
60.4 ps21 for the Ag~111! agrees well with the value 1.4
60.2 ps21 deduced from transient reflection measureme

FIG. 3. The transient electron gas temperatureTel as it is deter-
mined by fitting of the photoemission spectra is shown for t
different pump laser fluences. The Ag nanoparticles supported
graphite have an average particle height of 4.4 nm. The cross
relation of pump and probe pulse is shown as shaded area.
6-3
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using thin polycrystalline Ag films.6 Electron relaxation in
embedded nanoparticles has been studied by time-reso
absorption experiments~see, e.g., Refs. 18–20!. Ag nanopar-
ticles embedded in a glass matrix exhibit an increase
the cooling rate from 1.2– 1.8 ps21 with decreasing size in
the range between 10–4 nm diameter.21 This is in contrast
to the reduced cooling rate for supported nanopartic
reported here and we, therefore, conclude that the elec
relaxation in supported and embedded nanoparticles dif
substantially.

A further discrepancy between embedded and suppo
nanoparticles appears in the fluence dependence of the
tron gas cooling rate. Although, the pump laser fluence va
between 2 – 16 mJ cm22 in the experiments summarized
Fig. 4, the electron gas cooling rate for supported nano
ticles of about 0.7 ps21 is constant within the experimenta
uncertainties. The corresponding maximum temperature
of Tel varies between 400 to 1600 K. However, according
the experiments using embedded nanoparticles22 or the pre-

FIG. 4. Electron gas cooling rate for different sized nanop
ticles (x) and for a crystalline Ag~111! surface~open square!. The
different data points for a given average particle height reflect
results from different experiments using the same sample but
ferent pump fluence covering the range 2 – 16 mJ cm22. The closed
circle reflects the cooling rate for a polycrystalline Ag film of 45 n
thickness taken from Ref. 6.
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dictions of the two temperature model~TTM!23 a fluence
dependence of the cooling rate is expected. This discrepa
indicates, that the electron relaxation in supported nano
ticles cannot be treated using the TTM for a homogene
system. We attribute this to the fact that the TTM treats o
the energy exchange between electron gas and lattice
does not take into account the transport of energy betw
nanoparticle and substrate. On a short time-scale in part
lar, the transport of excited electrons between nanopart
and substrate influences the balance of energy in the n
particles. This process is determined by the interface
tween substrate and nanoparticle and therefore can acc
for the vanishing size dependence of the cooling rate see
our experiments.

Summarizing, the resonant excitation of the surface p
mon in Ag nanoparticles and the associated enhanceme
the two-photon photoemission from the nanoparticles allo
us to monitor the transient electron energy distribution in
nanoparticles in time-resolved pump-probe experiments.
spectral shape of the photoelectron spectrum together w
temperature calibration obtained at different sample temp
tures provide a quantitative measure for the transient elec
gas temperature. In contrast to transient absorption spec
copy, that relies on a model dielectric function to extract t
transientTel , the two-photon photoemission spectrum is
direct measure of the electron energy distribution in the
nanoparticles. The time resolved experiments exhibit an e
tron gas cooling rate for supported Ag nanoparticles of ab
0.7 ps21. It is reduced by a factor of 2 in comparison to bu
silver and shows only a weak size dependence~in the range
from 1.5 to 4.5 nm height!. The reduced cooling rate and th
fact that it exhibits no significant fluence dependen
(2 – 16 mJ cm22) deviates from the behavior of embedde
nanoparticles that has been reported in literature. We
tribute this to the different role of energy transport betwe
substrate and nanoparticle. In future experiments tim
resolved experiments for nanoparticles on different s
strates, e.g., thin oxide layers,24 will allow us to investigate
the influence of excited electron transport between nano
ticle and substrate. Furthermore, in the present work the t
sient electron distribution is reduced to a single parame
i.e., the electron gas temperature. However, the trans
spectral shape also contains information about the therm
zation of the initial nonthermal electron energy distributio
Based on a suitable model for electron relaxation in an in
mogeneous system, which is currently developed, this in
mation can be extracted from the experimental data.
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24M. Bäumer and H. J. Freund, Prog. Surf. Sci.61, 127 ~1999!.
6-5


