
PHYSICAL REVIEW B 69, 195416 ~2004!
Ultrafast electron-electron scattering and energy exchanges in noble-metal nanoparticles
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The conduction electron energy exchanges are investigated in gold and silver nanoparticles with average size
ranging from 2 to 26 nm, embedded in different matrices. The experimental studies were performed by
following the internal thermalization dynamics of photoexcited nonequilibrium electrons with a femtosecond
pump-probe technique. The probe wavelength dependent measurements are in qualitative agreement with the
results of a theoretical model based on bulk metal electron kinetics and band-structure modeling. In both
metals, the measured electron thermalization times are close to the bulk ones for nanoparticles larger than 10
nm and sharply decrease for smaller ones. The results are independent of the nanoparticle environment and
synthesis technique showing that the observed size behavior reflects an increase of the efficiency of the
electron-electron energy exchanges in small nanoparticles. It is in agreement with a simple model based on a
bulk metal approach of the electron kinetics modified to introduce surface effects. The observed increase of the
electron-electron interaction with size reduction is ascribed to reduction of the screening of the Coulomb
interaction by the conduction and core electrons close to the nanoparticle surface.
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I. INTRODUCTION

The static and dynamic properties of clusters and th
evolution with size from quasisolid to quasimolecular beh
iors have been an intense field of researches during the
decades. Understanding the physical origin of the new pr
erties of nanoobjects here is of central interest. It is m
vated by both fundamental and technological aspects, n
structured systems being an important class of new mate
for applications. In this context, the interaction processes
the elementary excitations inside a cluster and their coup
with the environment~surrounding matrix, adsorbed mo
ecules, other nanoparticles, . . . ) are keyparameters. How-
ever, they are difficult to address with conventional expe
mental techniques. Time-resolved optical techniques h
here emerged as powerful tools for directly studying elect
interaction mechanisms in nanomaterials.1–4 Though many
investigations have been performed in nanostructu
semiconductors,1 these techniques have been only recen
applied to metal nanoparticles.2–14 Information have thus
been obtained on electron-surface scattering,13,14 and on
electron-phonon,8–13 and electron-matrix15–17 energy ex-
changes. The impact of confinement on electron-elec
scattering and on the correlated energy exchanges has
recently been addressed in silver nanoparticles, yielding
dence for increase of the electron-electron interactions
sizes smaller than 10 nm.18 In this paper we are discussing
more details these first measurements, in particular, their
tical wavelength dependence, and extending them to g
clusters embedded in different environments. The result
both metals are interpreted in term of surface induced red
tion of the screening of the Coulombic interactions.

Electron-electron interactions and the correlated inter
0163-1829/2004/69~19!/195416~13!/$22.50 69 1954
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thermalization kinetics have been investigated in bulk no
metals using different time-resolved techniques: two-pho
photoemission, transient optical property modulatio
surface-plasmon polariton kinetics, and picoseco
ultrasonics.19 All indicate a slow establishment of the ele
tron temperature on a few hundred femtosecond time sc
Investigations performed in nanoparticles use an extensio
the optical property modulation technique.18,20–22It is based
on the sensitivity of the metal interband absorption on
energy distribution of the conduction electrons. In noble m
als, absorption in the optical spectral range can be cle
separated into contributions due to intraconduction ba
transitions ~quasifree electron absorption! and interband
ones. The latter are dominated by transitions from the wea
dispersed fulld bands to conduction band states and o
take place above a certain thresholdV ib , with \V ib
'4 eV in silver and 2.3 eV in gold@Fig. 1~a!#. In the equi-
librium situation, it is roughly determined by the energy d
ference between the top of thed bands and the lowest-energ
empty states in the conduction band, i.e., lying in thekBTe

0

energy range around the Fermi energyEF , Te
0 being the

electron temperature. Heating up the conduction electron
more generally modifying their distribution reflects
changes of the electron occupation numberf aroundEF and
thus of the interband absorption spectrum.

A transient perturbation can be created by intraband~free
electrons! absorption of a femtosecond pulse of frequen
vpp smaller thanV ib . If the pulse duration is smaller tha
the characteristic electron energy redistribution time,
athermal nonequilibrium electron distribution is selective
created@Fig. 1~b!#.20,23 Electron-electron scattering subs
quently redistributes the energy in the electron gas leadin
a hot Fermi distribution atTe.Te

0 , corresponding to a large
©2004 The American Physical Society16-1
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occupation number change localized aroundEF @Fig. 1~b!#.
This evolution can be followed in the time domain, by
second time-delayed femtosecond pulse monitoring
buildup of the material optical response change aroundV ib .
The kinetics of the establishment of an electron tempera
has thus been studied in gold and silver films.20,22

A similar approach can be used in noble-metal nanop
ticles provided that they retain the main band-structure f
tures of the bulk material@i.e., for sizes typically larger than
2–3 nm ~Ref. 24!# and taking into account modification o
the material optical properties by the dielectric confineme
The creation and kinetics of a nonequilibrium electron d
tribution and the induced optical property changes in a co
posite material formed by noble-metal nanoparticles d
persed in a matrix will be discussed in the following secti
on the basis of a bulklike model. In Sec. IV the theoreti
results will be compared to the experimental ones obtaine
silver and gold nanospheres with sizes ranging from 2 to
nm, embedded in different matrices. The size dependenc
the observed internal thermalization times will be discus
in Sec. V, in terms of a simple model introducing surfa
effects on the electron-electron Coulomb interaction.

II. NONEQUILIBRIUM ELECTRON KINETICS

In femtosecond experiments, the metal electrons are
driven out of equilibrium by a pump pulse. In our measu
ments this is done by intraband absorption of a femtosec
pulse of frequencyvpp well below the interband transition
threshold,vpp,V ib @Fig. 1~a!#. Energy is selectively in-
jected in the conduction electrons without modification
their density. During excitation, a coherent superposition
the electronic polarization and electromagnetic field of
pump pulse is initially created. Light absorption takes pla
with damping of this mixed material-field excitation by ele
tron scattering leading to single electron excitation@Landau
damping~Ref. 25!#. This process takes place on a sub 10
time scale as shown in second and third harmonic genera

FIG. 1. ~a! Schematic band structure of noble metals with
parabolic conduction band and flatd bands. The left arrow show
the intraband excitation process at\vpp and the right one probing
of thed band to conduction-band transitions at\vpr . The interband
transition threshold is\V ib5EF2Ed , Ed being the energy of the
top of the d bands.~b! Change of the electron state occupati
numberD f 5 f 2 f 0 for a steplike initial distribution created by in
traband electron absorption of a very short pulse~dashed line! and a
thermalized one~full line! for the same electron gas energy increa
~see Fig. 2!.
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experiments26–28 and hole burning measurements.29 On the
time scale of our experiments performed with pulses in
25–55 fs range~see Sec. III!, coherent effects can thus b
neglected and only energy redistribution processes have t
considered. Electron excitation can thus be globally
scribed using the single-particle excitation model of fre
electron absorption: one photon is absorbed by one elec
with assistance of a third particle to conserve energy
momentum@Fig. 1~a!#. The concomitant instantaneous r
duction of the occupation of electron states well below
Fermi energy, i.e., forEF2E@kBTe , has been experimen
tally observed with 20 fs pulses, confirming the abo
picture.23

This excitation mechanism leads to a strongly atherm
electron distribution with increase of the occupation of t
electron states aboveEF and decrease below it.20–22 These
distribution changes extend over a broad energy range
2\vpp@2kBTe , whereTe is the electron temperature afte
internal thermalization@Fig. 1~b!#. Describing the conduction
electrons by a one-particle distribution functionf and assum-
ing an isotropic parabolic conduction band,30 the induced
change at timet is given by

d fexc

dt
~E,t !5BIp~ t !$AE2\vppf ~E2\vpp ,t !@12 f ~E,t !#

2AE1\vppf ~E,t !@12 f ~E1\vpp ,t !#%, ~1!

whereE is the electron energy,I p the pump pulse intensity
and B a parameter describing the electron-photon coupl
efficiency. If one could neglect electron energy relaxati
during excitation, the nonequilibrium electron distributio
would exhibit a steplike shape@Figs. 1~b! and 2~b!, and 2~e!#.

In a more realistic description one has to take into acco
the evolution of the electron distribution due to electro
electron (e-e) and electron-phonon (e-ph! scattering during
the pulse duration. In bulk metals, the kinetics of the exc
tion and energy redistribution processes have been show
be well described by the electron Boltzmann equation:20,22

d f~E,t !

dt
5

d f~E,t !

dt Ue-e1
d f~E,t !

dt U
e-ph

1
d fexc

dt
~E,t !. ~2!

The first and second terms on the right-hand side are thee-e
ande-ph scattering rates, respectively.22

The time-dependent electron distribution functions co
puted in bulk silver using Eqs.~1! and~2! are shown in Figs.
2~g!, 2~h!, and 2~i! for a 25 fs pump pulse with\vpp
51.5 eV. The build up of the induced distribution chan
amplitude D f (E,t)5 f (E,t)2 f 0(E) around EF during the
pump pulse duration is a consequence of the faste-e scatter-
ing for electron states away fromEF ( f 0 is the equilibrium
electron distribution function at the initial temperatu
Te

0).22,31 This fast energy redistribution leads to aD f (E)
shape distortion as compared to instantaneous excita
@Figs. 2~h! and 2~e!#. However,e-e scattering being strongly
reduced close toEF , the electron distribution stays atherm
for few hundred femtoseconds.

Experimentally, it has been shown that establishment o
hot Fermi-Dirac distribution takes place with characteris

e
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FIG. 2. ~a! Energy dependent electron occu
pation number before excitation,t,0 ~equilib-
rium f 0), ~b! during excitation~at t50 assuming
instantaneous intraband excitation by a pum
pulse of frequencyvpp , with \vpp50.24EF),
and ~c! after establishment of an electron tem
perature after a delayt5tD.0. ~d!, ~e!, and ~f!
are the corresponding distribution changesD f
5 f 2 f 0 for DTe

me5100 K ~the same total elec-
tron gas energy is assumed for~e! and ~f!#. ~g!,
~h!, and~i! are the distribution changes compute
at time t5230,0, and 400 fs for intraband elec
tron excitation with a 25 fs pulse using the ele
tron Boltzmann equation~2! taking into account
e-e ande-ph scattering (t50 is the maximum of
the pulse!.
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times t th'350 fs and'500 fs in bulk silver and gold,
respectively.20,22 These results have been quantitatively
produced using the above electron kinetics model, introd
ing a phenomenologically reduced static screening of thee-e
Coulomb potential. It accounts for screening overestimat
using the static Thomas-Fermi model and has been done
ing an effective screening wave vectorqS instead of the
Thomas-Fermi oneqTF :22

qS5bqTF5bS e2m3/2

A2p2\3«0«d
E

0

` f ~E!dE

AE
D 1/2

'
beAm

p\A«0«d

~3p2ne!
1/6 ~3!

with b50.73. ne is the conduction electron density anded
the contribution of thed electrons to the static metal diele
tric function. It accounts for their contribution to the scree
ing of the conduction electron interactions, withed56.7 and
3.7 in gold and silver, respectively. These values have b
extracted from the experimental complex dielectric funct
of the bulk materials32–34by a Kramers-Kronig analysis afte
subtracting the conduction-electron contribution fitted by
Drude-Sommerfeld expression.22,35,36The slower thermaliza-
tion in gold than in silver is a consequence of the larg
contribution of thed-band electrons to screening in go
~with t th

Au/t th
Ag'Aed

Au/ed
Ag sincene

Au'ne
Ag , see Sec. V!.22

The above electron kinetics modeling has been develo
for bulk metals. As a first approximation, it can be used
interpreting the ultrafast response of not too small partic
~at least forD>2 –3 nm), taking into account enhanceme
of the e-e and e-ph scattering efficiencies.12,18 As a rough
approximation, this can be done by phenomenologically
creasing the amplitude of the corresponding scattering ra
Eq. ~2!.
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The large buildup ofD f around the Fermi energy con
comitant with the establishment of the electron temperat
can be followed in the time domain by a time-delayed pro
pulse monitoring the sample optical transmission cha
DT(tD), at the frequencyvpr close toV ib @DT(tD) is the
difference between the sample transmission at timetD after
the maximum of the pump pulse minus the one before p
turbation#. To model the measured optical response one
first to connect the sample transmission to its dielectric c
stant and then the latter to the electron distribution functiof.

In this work, we studied samples made of a large e
semble of nanoparticles dispersed in a liquid or solid mat
For a low volume fractionp!1 of small spheres (D!l,
wherel is the optical wavelength!, the composite materia
optical properties can be described by an effective dielec
constant15,25,37–41

ẽ~v!5em13p em

e~v!2em

e~v!12em
, ~4!

where em is the matrix dielectric constant, assumed fr
quency independent and real. The absorption coefficient
then be written:39,40,42

ã~v!5
9 p em

3/2

c

v e2~v!

@e1~v!12em#21e2
2~v!

, ~5!

wheree(v)5e1(v)1 i e2(v) is the dielectric function of the
metal nanoparticles. As compared to the bulk metal, the
sorption is resonantly enhanced close to the frequencyVR
minimizing the denominator which is the condition for th
surface-plasmon resonance~SPR! or Mie’s resonance.43 The
absorption spectrum of noble-metal nanoparticles is well
produced using Eq.~5! with the measured bulk dielectri
constant32,33 modified by a surface correction.4 The reso-
nance is taking place around\VR53 eV, well below\V ib ,
6-3
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C. VOISIN et al. PHYSICAL REVIEW B 69, 195416 ~2004!
and around 2.4 eV, close to\V ib , in the investigated silver
and gold nanoparticle samples, respectively@Figs. 3~a! and
4~a!#.

Using a perturbational approach, the sample transmis
changeDT/T is connected toẽ by

DT~ tD!

T
5

] ln T

]ẽ1

Dẽ1~ tD!1
] ln T

]ẽ2

Dẽ2~ tD!. ~6!

In the dilute composite materials investigated here,DT/T is
only determined byDẽ2, or, equivalently, by the sample ab
sorption change:

DT/T~vpr ,tD!52Dã~vpr ,tD!L

5t1~vpr!De1~vpr ,tD!

1t2~vpr!De2~vpr ,tD!, ~7!

where L is the sample thickness. The coefficientst15

2(]ã/]e1)L andt252(]ã/]e2)L @Figs. 3~b! and 4~b!#, are
entirely determined by Eq.~5! and thee values used for
reproducing the linear absorption spectrum.

FIG. 3. ~a! Fit to the measured absorption spectra ofD56 nm
silver nanoparticles in BaO-P2O5. The SPR frequency (\VR

52.98 eV) and interband transition threshold (\V ib'4 eV) are
indicated.~b! Dispersion of the coefficientst1 and t2 linking DT/T
to De1 andDe2 @Eq. ~7!# for the same sample.~c! Interband con-
tribution toDe1 andDe2 calculated fortD50 fs andtD5500 fs for
excitation with a 25 fs near infrared pulse andDTe

me5100 K. ~d!
Corresponding induced transmission change due to the inter
contribution fortD50, 100, and 500 fs.
19541
on

Around the interband transition thresholdV ib , the change
of the quasifree electron contribution toe is small as com-
pared to that of the interband one which dominates the
sponse:De'Deb. To compute the optical response, one h
thus to connectDeb to D f . This has been done in bulk silve
and gold for interpreting continuous wave~CW! thermo-
modulation measurements, introducing model band str
tures around the Brillouin zone points yielding the larg
contribution to the interband absorption.44,45In Ag, this takes
place around theL point of the Brillouin zone, with a main
contribution due to transitions from thed bands to the con-
duction band, and a weaker one, due to transition from
conduction-band to a higher energy emptys band.44 In Au,
only d band to conduction-band transitions are taking pla
with a dominant contribution at theL point and a weaker one
at lower energy around theX point.45 The De1

b and De2
b

spectra computed with these models fortD50 and 500 fs are
shown in Figs. 3~c! and 4~c! for bulk silver and gold.

Band-structure changes being weak for the investiga
nanoparticle sizes,39 the inducedDT/T in a nanoparticle
sample can be calculated from the bulk metalDe5Deb us-
ing Eq. ~7!. In silver, DT/T exhibits two distinct spectra
features aroundV ib and VR with different time behaviors
@Fig. 3~d!#. The former is similar to the one in the bulk ma
terial. It corresponds to resonant probing of the interba
transitions, theDT/T dispersion reflecting that ofDeb. In
contrast, the structure aroundVR is specific to confined sys
tems and is a consequence of the enhancement of the
linear optical response by the dielectric confinement aro
the SPR.15 This reflects in the large amplitudes oft1 and t2

nd

FIG. 4. Same as Fig. 3 for aD510 nm gold colloidal solution.
The SPR frequency is\VR52.38 eV and the interband transitio
threshold\V ib'2.3 eV.
6-4
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ULTRAFAST ELECTRON-ELECTRON SCATTERING AND . . . PHYSICAL REVIEW B69, 195416 ~2004!
aroundVR , amplifying the weak structurelessDeb response
in this spectral range. In the case of gold, the SPR is clos
V ib and these two features overlap@Fig. 4~d!#.

As expected, the computedDT/T around the interband
transition threshold exhibits a strongly time-dependent sh
in both silver and gold nanoparticles. For the athermal c
(tD50 fs) a smallDT/T amplitude with a broad structure
less spectrum is obtained. It is in contrast with the quas
ermal situation (tD5500 fs) for which a strong peak is ob
served around\V ib . Note that in gold nanoparticles, th
maximum amplitude is blue shifted as compared to\V ib due
to enhancement of the signal by the dielectric confinem
effect. In both systems, the rise of theDT/T amplitude
around\V ib is delayed and does not follow energy injectio
by the pump pulse. It is particularly clear in the case of silv
where, in contrast, the structure around the surface-plas
resonance frequency exhibits an almost instantaneous ris
it is almost proportional to the electron gas exce
energy.21,46This delayed rise reflects the buildup ofD f close
to EF , i.e., the internal electron thermalization dynamic
permitting to follow the electron thermalization in the tim
domain.

III. EXPERIMENTAL SETUP

The time-resolved transmission change experiments w
performed using a high sensitivity femtosecond pump-pr
setup. It is based on a home made Ti:sapphire oscillator
able in the 1.07–0.82mm range. The pulse duration is typ
cally in the 25 fs range except for the longer waveleng
above 1mm for which it increases up to a maximum o
about 40 fs. Part of the output of the laser was used as
near-infrared pump~some measurements in Ag have al
been performed by frequency doubling it!. The second par
was used to create the probe pulses either in the UV or g
spectral range, in the vicinity of the silver and gold interba
transition thresholds, about 310 and 530 nm, respectiv
The green pulses were created by frequency doubling
fundamental pulses in a 100mm thick BBO crystal. The UV
pulses were generated by frequency doubling followed
sum frequency generation in BBO crystals.22 After recom-
pression in fused silica prism pairs, the pulse durations w
about 40 and 55 fs in the green and UV ranges, respectiv
The excitation process being nonresonant, it is weakly s
sitive to the pump wavelength. Probe photon energy dep
dent measurements were thus performed by changing the
erating wavelength of the oscillator.

The two beams were sent into a standard pump-pr
setup, with mechanical chopping of the pump beam at
kHz and differential and lockin detection ofDT. Taking ad-
vantage of the high stability and high repetition rate~76
MHz! of the oscillator, very high sensitivity measuremen
were performed with a noise level forDT/T in the 1026

range. This sensitivity is important to study metallic syste
in the weak perturbation regime~near-infrared pump flu-
ences in the 5 –200mJ/cm22 range!. As usually done, the
energy injected by the pump pulse is characterized b
maximum equivalent electron temperature riseDTe

me defined
as the temperature increase of a thermalized electron ga
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the same injected energy. In the experiments described
DTe

me is of the order of 50–400 K. The electron heat capa
ity being much smaller than the lattice one, the final tempe
ture rise of the fully thermalized electron-lattice system
typically 1 K.

Experiments were performed in different samples made
silver or gold spherical nanocrystals dispersed in differ
matrices or deposited on a substrate. The first set of sam
consists of silver nanoparticles embedded in
50BaO-50P2O5 glass. They were prepared by a fusion a
heat treatment technique.47 The mean particle diameterD
ranged from 4 to 30 nm. The metal volume fractionp was
between 131024–531024 with a sample thicknessL
'15 mm. A second set of samples, formed by silver or go
clusters in Al2O3, was grown by low-energy cluster bea
deposition with co-deposition of alumina on a silic
substrate.48 The mean size was in the 3–4 nm range andp
typically a few percents. The thicknessL of the cluster doped
layer was about 0.2mm. The third set of samples were silve
or gold colloidal solutions in a 1 mmthick cell. They were
prepared by chemical synthesis using a reverse micelle t
nique ~Ag, with D55.8 nm)49 or a modified tannic acid/
citrate method~Au, with D55,10 or 20 nm!.50 The thiol
stabilized particles were either left in solution~Au case! or
deposited on a glass substrate~Ag case!. All samples were
characterized by transmission electron microscopy. T
have narrow size dispersion with standard size deviati
ranging from 4 to 10% ofD but for the Al2O3 matrix
samples~about 30%!.

IV. ELECTRON ENERGY EXCHANGES: SIZE EFFECT

The probe wavelength dependence ofDT/T measured
around\V ib in the D56 nm silver sample is shown in Fig
5~a! for two pump-probe time delays:tD50 and 400 fs. The
measured spectral shapes are in good agreement with
computed ones. In particular, they exhibit the same narr
ing with time and concomitant large increase of theDT/T
amplitude around\vpr' 4 eV. This confirms that the mea
sured signal can be entirely ascribed to modification of
interband transition spectrum. As in films for CW and tra
sient measurements,20,22,45,51a slightly broader experimenta
than calculated shape is observed. This deviation can be
cribed to the approximations made in the band-struct
modeling and/or neglect of the width of the electronic stat

The spectral shape narrowing ofDT/T is accompanied by
sign changes with time on its blue and red wings@Fig. 5~a!#.
They are better seen by plotting the measured time dep
dence ofDT/T for a fixed probe wavelength@Fig. 6~a!#. The
observed complex temporal and spectral behaviors ar
good agreement with the computed ones@Fig. 6~b!# and
similar to those previously reported in silver films.22 They
are signatures of the existence of a non-Fermi electron
tribution in metal nanoparticles on a few hundred femtos
ond time scale, i.e., a delayed electron gas internal therm
ization.

Similar shapes were observed for all the investigated
samples@Fig. 5~b!# with a narrowing of the red wing with
size reduction. It is a consequence of the size dependenc
6-5
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C. VOISIN et al. PHYSICAL REVIEW B 69, 195416 ~2004!
the optical response of the material, i.e., of thet1 and t2
coefficient in Eq.~7!. Physically, it is due to the influence o
the SPR on the nonlinear optical response, the positive S
inducedDT/T contribution partly balancing the negative on
associated with the interband transition in this spectral ra
@Fig. 3~d!#. As the SPR width increases for small nanop
ticles, its contribution on its blue wing increase, blue shifti

FIG. 5. ~a! Probe photon energy dependence of the transmis
changeDT/T measured around the interband transition thresh
\V ib for pump-probe delays of 0 fs and 400 fs inD56 nm Ag
nanoparticles in BaO-P2O5. The pump fluence is 180mJ/cm2. The
full and dashed lines are calculated from the transient electron
tribution ~see Sec. II!. ~b! same as~a! for a pump-probe delay o
400 fs andD524 and 6 nm Ag nanoparticles in BaO-P2O5 and
D53.2 nm Ag clusters in Al2O3. The lines are only connecting th
experimental points.

FIG. 6. ~a! Time-dependent transmission changeDT/T mea-
sured in D56 nm Ag nanoparticles in BaO-P2O5 for different
probe photon energies as indicated in the figure.~b! Corresponding
DT/T computed using the calculated electron distribution funct
and the bulk silver band-structure model~see text!.
19541
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the spectral position of theDT/T sign change. The simila
DT/T spectral shapes measured in the different samples
firm that band-structure modifications are negligible for t
investigated particle sizes and that they are probed in sim
conditions. This is making possible a direct comparison
the measuredDT/T temporal behavior in the different com
posite materials.

This can be done by monitoring the spectral shape n
rowing of DT/T around\V ib or, equivalently, the rise of the
DT/T maximum amplitude around 4 eV. The results obtain
for \vpr'3.95 eV and\vpp'1.32 eV are plotted in Fig. 7
for D53.2, 6, and 24 nm, together with the pump-pro
cross correlation. In all samples,DT/T exhibits a clearly
resolved rise time that decreases with the nanoparticle s

The probe photon energy dependence ofDT/T measured
in D520 nm gold colloidal solution is shown in Fig. 8~b! for
two time delays. The observed shape is similar to that pre
ously reported in the strong excitation regime.7,10,11,52,53It is
in very good quantitative agreement with the computed
sponse based on the bulk gold band-structure model of R
@Fig. 8~b!#. As in silver, the response can thus be entire
ascribed to modification of the interband transition spectr
with minor contribution from other effects.54,55 A delayed
rise of theDT/T signal is also clearly observed demonstr
ing a slow electron thermalization kinetics.

However, in contrast to silver, the spectral shape in gold
determined not only by the dispersion ofDeb but also by that
of the SPR enhancement effects@Fig. 4~d!#. In particular, the
position of the maximumDT/T amplitude is here correlate

n
d

is-

n

FIG. 7. ~a! Time behavior of the transmission change2DT/T
measured for\vpr'3.95 eV and\vpp'1.32 eV in spherical Ag
nanoparticles of diameterD524 nm and 6 nm in BaO-P2O5 and
D53.2 nm in Al2O3. ~b! Time dependentDT/T measured inD
520 and 5 nm gold colloidal solutions andD52.2 nm clusters in a
Al2O3 matrix. The dash dotted lines in~a! and~b! are fits to the Ag-
D56 nm and Au-D520 nm cases using Eq.~8!. The dotted lines
are the pump-probe cross correlations.
6-6
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ULTRAFAST ELECTRON-ELECTRON SCATTERING AND . . . PHYSICAL REVIEW B69, 195416 ~2004!
to the SPR frequency rather than to\V ib , and slightly blue
shifts during internal electron gas thermalization@Fig. 8~b!#.
As in copper,6 it makes theDT/T temporal behavior sensi
tive to the probe wavelength around the SPR frequenc
good qualitative agreement with our modeling, as illustra
in Fig. 9. In order to compare theDT/T kinetics in different
samples and in films the measured shapes have thus
compared for a fixed probe photon energy\vpr52.4 eV.
The results are shown in Fig. 7~b! for D520 and 5 nm gold
nanoparticles in solution and forD52.2 nm gold cluster in
an alumina matrix.

FIG. 8. ~a! Fit to the measured absorption spectra ofD
520 nm gold colloid. The SPR frequency\VR is indicated.~b!
Probe photon energy dependence of the transmission changeDT/T
measured for pump-probe delays of 50 fs and 500 fs. The full
dashed lines are calculated from the transient electron distribu
~see Sec. II!.

FIG. 9. Measured~a! and calculated~b! normalized transmission
changeDT/T in D520 nm gold colloid for\vpr52.33 eV and
2.41 eV ~dashed and full line, respectively!. The inset shows the
colloid absorption spectrum and the probe photon energies~arrows!.
19541
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Pauli exclusion is a key factor in the slow thermalizati
kinetics measured here. It leads to blocking of the final sta
for electron scattering, strongly decreasing the probability
the e-e collisions around the Fermi energy. It is directly r
lated to the occupation of the electron statesf (E,t) and can
be strongly modified by the pump pulse. It has been sho
that the thermalization dynamics is independent of the
jected energy in the weak perturbation regime, i.e.,DTe

me

smaller than typically 300 K. Smearing of the electron d
tribution aroundEF is then sufficiently small to neglect al
teration of thee-e scattering rate. It is perturbation depe
dent for larger energy injection leading to a fastening of
signal rise.22 The results obtained as a function of the nan
particle size and environment can thus be compared on
the measurements are always performed in the weak ex
tion regime, i.e., if the observed kinetics is independent
the excitation amplitude.

As usually done, we have checked that our results
independent of the pump fluence. However, below a cer
fluence level, less than one photon is on average abso
per nanoparticle. In this regime, which is reached for
smallest particles we are investigating, further pump flue
reduction only reduces the number of excited particles,
their excitation amplitude. It is set by the minimum ener
injected in a particle, i.e., one photon\vpp . This minimum
excitation induces a large temperature rise in small partic
DTe

me5360 K and 610 K for\vpp51.3 eV and 2.6 eV, re-
spectively, in aD53.2 nm Ag particle. To check that th
time response is independent of the excitation amplitude,
have performed additional measurements as a function o
pump photon energy. Identical results were obtained in
D53.2 nm Ag particle sample using pump pulses either
the fundamental,\vpp'1.32 eV, or second harmonic
\vpp'2.64 eV, of the femtosecond oscillator for the sam
probe photon energy\vpr'3.95 eV ~Fig. 10!. Note that
though the nonequilibrium distributions are initially diffe
ent, for the two excitation conditions, the high-energy ele
tron states relax in few femtoseconds. They very weakly
fluence the observed kinetics on the considered time s
that is thus identical for the two excitation conditions. This

d
n

FIG. 10. Time behavior of the transmission change2DT/T
measured inD53.2 nm Ag particles in Al2O3 with near infrared
(\vpp'1.32 eV, dashed line!, or blue (\vpp'2.64 eV, full line!
pump pulses. The probe photon energy is\vpr'3.95 eV. The dot-
ted line is the pump-probe correlation function for the infrar
pump—UV probe case.
6-7
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C. VOISIN et al. PHYSICAL REVIEW B 69, 195416 ~2004!
in agreement with our simulations and with the fact that
observed behavior is essentially governed by electron s
tering close to the Fermi energy.

As previously done in metal films,20,22a more quantitative
comparison of the measuredDT/T responses at the chara
teristic frequency\vpr54 eV in Ag and 2.4 eV in Au, can
be performed by defining an internal thermalization timet th .
It is determined by fitting the experimental results by a
sponse functionu with the form

u~ t !5H~ t !$A@12exp~2t/t th!#exp~2t/te2ph!

1B@12exp~2t/te2ph!#%, ~8!

where H(t) is the Heaviside function. The first term de
scribes the purely electronic response which rises with
time constantt th and decays by electron energy transfer
the lattice with the effective electron-phonon coupling tim
te-ph . The second term account for the small residual sig
(B,A/10) due to heating of the lattice and rising with th
time constantte-ph . B is determined by the long time dela
~few picoseconds! measurements.te-ph has been shown to
decrease with size in Ag and Au nanoparticles.12 This effect
is fully accounted for here by usingte-ph as a fitting param-
eter that is determined by the long delayDT/T behavior, not
influenced byt th . The obtainedte-ph values are in good
agreement with the previously reported ones.12 A good repro-
duction of theDT/T time behavior is obtained by convolvin
the measured pump-probe cross correlation withu as shown
in Fig. 7~a! for the D56 nm silver sample usingt th

'250 fs and in Fig. 7~b! for theD520 nm Au sample using
t th'450 fs. This is significantly smaller than the bulk valu
measured in optically thin silver films,t th'350 fs and com-
parable in the gold case,t th'500 fs. The rise time is found
to be slower in gold than in silver, in agreement with the bu
metal results.20,22

The size dependence of the measuredt th is very similar in
silver and gold nanoparticles as shown in Fig. 11. For si
larger than 10 nm,t th is comparable to the one determined
metal films, indicating a weak confinement effect for the
sizes. This is consistent with the results of previous meas
ments inD59 and 48 nm gold colloids, that yieldt th values
almost identical to the bulk gold one.56 For smaller sizes,t th
strongly decreases eventually reaching a value three to
times smaller than the bulk metal one for 2–3 nm cluste
i.e., 250–820 atoms~Fig. 11!.

The results obtained for nanoparticles prepared by dif
ent techniques and embedded in different solid matrices
in solution with surface bound thiols, or deposited on a s
strate are very similar. This clearly demonstrates that
observedt th variation is independent of the environment a
sample preparation method. The observed fastening of
electron thermalization with size reduction can thus be
cribed to an intrinsic effect, i.e., confinement induced
crease of the electron energy exchanges in small metal n
particles.
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V. ELECTRON ENERGY EXCHANGES: MODELING

Within the Fermi liquid theory,57 the two-body electron-
electron (e-e) interaction is expressed by a Coulomb pote
tial screened by both the conduction and bound electronsd
electrons in noble metals!. This permits a good reproductio
of the transient dynamics of the one-electron distribut
function f in bulk metals~Sec. II!.20,22 In this approach, the
scattering rategee(E) of an electron out of itsE energy state
due toe-e collision is given by22,57–61

gee5tee
215

me4

64p3\3e0
2ed

2ES
3/2EF

1/2F 2AEFES

4EF1ES
1arctanA4EF

ES
G

3~E2EF!2, ~9!

whereES5\2qS
2/2m and energy is measured from the bo

tom of the conduction band. The various quantitiesEF , ES ,
and qS depend only on the effective electron massm, the
conduction electron densityne , and the static backgroun
dielectric function, i.e., the interband termed(v50) in bulk
metal. The scattering amplitude for a fixed electron energ
completely determined by these parameters. For a fi
mass,m'm0, the free electron mass, in Ag and Au, thene
anded dependences ofgee are given by

FIG. 11. Size dependence of the electron thermalization timet th

for Ag ~a! and Au~b! nanoparticles embedded in a BaO-P2O5 ~full
dots! or Al2O3 ~open squares! matrix, deposited on a substrat
~open triangle! or in colloidal solution~full triangles!. All the data
are normalized to the measured metal film valuest th

f i lm . The full
lines are the computedt th taking into account both the spillout an
d-electron localization effects. The dashed and dotted lines are
culated suppressing the spillout ord-electron surface effect, respec
tively. The insets show the same data for the normalized therm
zation ratet th

f i lm/t th as a function of the inverse diameterD21.
6-8
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gee}ne
25/6ed

21/2F 2AEFES

4EF1ES
1arctanA4EF

ES
G}ne

25/6ed
21/2.

~10!

The term in bracket being almost constant, the main dep
dences are included in the first two terms.18

As discussed in Sec. II, the experimental electron therm
ization timet th reflects the energy redistribution inside th
electron gas after absorption of a femtosecond pulse.
determined by thee-e scattering events over a certain ener
range, actually mostly in the vicinity of the Fermi surfa
where the slowest processes underlying the electron dyn
ics are taking place. The thermalization ratet th

21 is thus ex-
pected to be proportional to thee-e collision probabilitygee
and to exhibit the samene and ed dependences. This ha
been confirmed by numerical simulation of the electron th
malization kinetics in bulk metals using the model of Sec.
Furthermore, the predicted variation withAed is in very good
agreement with the experimentally measuredt th increase
from silver to gold films (Aed

Au/ed
Ag'1.35 and t th

Au/t th
Ag

'1.4).22

The spatial distributions of both the conduction andd
band electrons are no more homogeneous in a cluster s
they are modified close to the surfaces. The conduction e
tron wave functions extend beyond the classical particle
of radiusRN5r sN

1/3 whereN is the number of atoms in th
cluster andr s the Wigner-Seitz radiusr s

353/(4pne). The
density ne thus decreases close to the inner surface of
cluster and presents a tail extending outside.62–65 This elec-
tron spillout effect is responsible for the red shift of th
surface-plasmon resonance frequency with size reduction
served in small alkalin clusters.66 Conversely, thed electron
wave functions are localized in the inner region of the p
ticle leading to an incomplete embedding of the conduct
electrons in the core electron background.67–70 These two
effects are responsible for the tiny surface-plasmon re
nance blue shift observed in small noble-metal clusters~i.e.,
on the linear optical properties!.69,70 This is the net result of
the competing red- and blue-shift trends resulting from
spillout effect and surface skin of ineffectived electron po-
larizability ~with the possible additional influence of loc
background polarizability of the matrix out of the particle!.70

These effects modify two important parameters entering
bulk electron scattering rate: the electron density andd elec-
tron screening close to a surface71,72 and are expected to b
responsible for the observed increase of the effectivee-e
scattering rate in small nanoparticles.

Alteration of the electron distributions close to a surfa
has been modeled in the framework of a semiquantal m
layered model of jellium type~i.e., the discrete structure i
disregarded!. It yields a very good reproduction of the ab
sorption spectra of various matrix-embedded noble-m
clusters.70 The time-dependent local-density-approximati
formalism was used for the linear optical properties a
ne(r ) obtained by solving the Kohn-Sham equations in
density-functional theory~DFT!~Fig. 12!. In the inner region
of the particle,ne(r ) shows Friedel oscillations but stay
very close to the bulk density,ne

0 . It exhibits a smooth de-
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crease in a region of a few a.u. around the surface.
density and its spatial profile in a cluster are almost ident
for both Ag and Au whose conduction electron properties
very similar. Calculations performed for different sizes sho
that the surface profile ofne(r ), including the outermost
Friedel density oscillations, is to a large extent independ
of the cluster size. This property holds true with respect
the effective potential well confining the conduction ele
trons. In the spillout region this feature stems from the f
that the surface profile is determined by the exponentia
decreasing tails of the electronic wavefunctions@ne(r ) is
thus almost insensitive to the set of the occupied Kohn-Sh
orbitals#. This feature permits to obtain by a simple rad
scaling the electron density for each cluster sizeRN from the
self-consistent surface density profile calculated for a giv
large size.

The d-electron polarizability modification was describe
by a multilayered model, which involves three geometric
interfaces~Fig. 12!. Rc5RN2d defines the radius of the
inner bulklike metal region, characterized by the interba
dielectric function:eb5ed for r ,Rc . Rm5RN1dm is the
radius beyond which the surrounding matrix extends. In t
outer region, the background polarizability is determined
the matrix dielectric constant anded has to be replaced by
em : eb5em for r .Rm . In the intermediate regionRc,r
,Rm no d electron or matrix contribution takes place:eb
51. In the inner region@RN2d,RN# , it accounts for exclu-

FIG. 12. Upper figure: Multilayered particle model used for e
timating thet th size dependence.RN5r sN

1/3 is the particle radius
~radius of the ionic background!. Rc5RN2d is the radius of the
medium with background dielectric functioneb5ed(v). Rm5RN

1dm is the radius beyond which the embedding matrix exten
@eb5em(v)#. In the intermediate zone@Rc ,Rm# eb is equal to
unity. In the standard calculationsd53.5 a.u. anddm52 a.u. are
used.70 Lower figure: the full line curve is the electronic densityne

normalized to the bulk metal onene
0 for the AgN cluster with N

533104 (D'10 nm). The dashed line is the average electr
density probabilityP(r ) corresponding to the single-electron stat
lying in the energy range@EF20.5 eV, EF10.5 eV#.
6-9
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C. VOISIN et al. PHYSICAL REVIEW B 69, 195416 ~2004!
sion of thed electrons from a surface layer of effective thic
nessd.67–69The vacuum shell of thicknessdm beyondRN is
introduced to mimic the spherically averaged local mat
porosity at the interface~surface roughness, contact defec
. . . ).70 The values of the two effective parameters,d
53.5 a.u. anddm52 a.u. have been independently estima
in analyzing surface-plasmon resonance spectra in freeN

1

clusters69 and composite AgN :alumina samples.70 Let us re-
mark that identicald values are expected for Au and A
particles since they have almost identicalr s values (r s
'3 a.u.) and the long range part of the 4d and 5d wave
functions are quite similar in Ag and Au atoms, respective
In contrast, thedm parameter is not an intrinsic one anda
priori depends on the composite metal-matrix system
sample elaboration conditions.

To estimate the impact of the above effects on the e
tronic thermalization time in small metal particles and
correlation to the film one, we have used the bulk me
approach and phenomenologically introduced them
corrections.18 This has been done by using a simple mo
consisting in spatially averaging the bulklike local scatter
rate in the metal particle. In a spherical cluster the effect
electronic thermalization timet th is thus estimated from

t th
215

E
0

`

4pr 2$t th
h ~eb~r !,ne~r !!%21g~r !dr

E
0

`

4pr 2g~r !dr

, ~11!

wheret th
h is the thermalization time for a homogeneous m

dium of electron densityne(r ) and static background dielec
tric constanteb(r ), with t th

h }gee
21 Eq. ~10!. g(r ) is an ap-

propriate weighting function, taken here equal tone(r ) as a
first approximation.18

This local approach can be supported by a classical
ture: the scattering rate atr , along the trajectory of the ex
cited electrons, is assumed to be determined byne(r ) and
e(r ) ~i.e., the local electron gas density and background
larizability at r ) . This crude approximation can be justifie
to some extent by the short screening length of the Coulo
interaction~on the order of 2–3 a.u. in metals!.

The size dependence of the thermalization times in si
and gold particles, calculated with the present model,
displayed in Fig. 11~full lines!. The full multilayered de-
scription has been used (d53.5 a.u. anddm52 a.u.), with
the static dielectric constant of bulk alumina@em(0)59.5# in
the matrix region. The theoretical values have been norm
ized to the film one calculated using a similar model in
two-dimensional~2D! geometry. No fitting parameter ha
been introduced since all the constants were independe
determined from previous spectral-domain measurement
both metals the size-dependent experimental times are
reproduced by the theoretical predictions, over the entire
range with only a slight deviation for the smallest sizes. T
good agreement between theory and experiment sugg
that the observed enhancement of thee-e interactions in
small particles can be ascribed to local reduction of
screening efficiency of the Coulomb potential close to
19541
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surface. This surface induced enhancement of thee-e scat-
tering is consistent with the larger surface than bulk elect
state dephasing rate measured using a space-reso
technique.22,73

As every surface induced effects for not too small p
ticles, its contribution varies as the ratio of the surface
bulk atom numbers, i.e., as 1/D. This is rising from abo
10% for D510 nm to about 50% forD52 nm. At least for
the largest particles, for which the surface effects can
introduced as corrections, their efficiency is proportional
the surface to volume ratio, i.e., to the inverse diameter. T
is illustrated in the insets of Fig. 11 showing the experime
tal and calculated thermalization ratet th

21 as a function of
1/D. Note that thet th computed in the film with surface
effects in 2D geometry is larger than the one in very lar
particle where no surface effect is taking place.

To yield some insights on the relative influence of t
spillout and d-electron surface exclusion effects, we ha
computed thet th size dependence for only one or the oth
contribution, i.e., no surface layer,d50, or no spillout
ne(r )5ne

0 for r ,RN andne(r )50 for r .RN , the other pa-
rameters being unchanged~Fig. 11!. The results show tha
both ingredients are necessary to reproduce the meas
dependence, the spillout effect giving the larger contribut
for small sizes. The spillout contribution is about 60%~20%!
larger than the surface layer related one forD55 nm Ag
~Au! clusters.ed being larger in gold than in silver, thed
electron related contribution is larger in the former, leadi
to an overall larger size dependence oft th ~Fig. 11!. Finally,
let us remark that both effects lead to an increase of
electron-scattering rate whereas they yield opposite
trends with respect to the frequency shift of the surfa
plasmon resonance.

The above ‘‘standard’’ parameters correspond to the c
of the alumina embedded clusters. The experimental d
involving particles embedded in different environments,
have studied the dependence of the estimated times on
environment parameters, i.e.,em(0) and dm . For the two
extreme cases of fully alumina-embedded clusters (dm50)
or clusters in vacuum (em51; or equivalently dm very
large!, the thermalization times remain close to those cal
lated within the ‘‘standard’’ model~Fig. 13!. This weak de-
pendence is consistent with the experimental conclusion
the observed size dependence of the thermalization tim
essentially ruled by intrinsic processes.

The computed relative variation oft th with em(0) anddm
can be related to the background dielectric constant envi
ment explored by the spillout electrons. It can be inferred
remarking that~i! the averaged value expressed by Eq.~11!
is dominated by the zones where the local scattering rat
large~small eb value!, and,~ii ! the spillout effect, leading to
a large increase of the scattering rate in the low elect
density tail~reduction ofne), can be noticeably counterba
anced in the matrix zone if it has a largeeb . This partial
quenching of the spillout induced increase of the scatter
rate by the matrix-induced screening, is illustrated by
model results obtained for a very large matrix screening c
6-10
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ULTRAFAST ELECTRON-ELECTRON SCATTERING AND . . . PHYSICAL REVIEW B69, 195416 ~2004!
responding to the case of metal nanoparticles fully embed
in water (em580 anddm50, Fig. 13!.

The weighting functiong in Eq. ~11! has been identified
with the electron densityne . This approach consist in mod
eling the spherical cluster as an ensemble of indepen
nested spherical metallic layers with specific electronic d
sity ne(r ) and background dielectric constanteb(r ). How-
ever, owing to the Pauli’s exclusion principle only nanop
ticle electronic states with energy close toEF are involved in
the scattering processes. Another choice of the weigh
function could thus be the density probabilityP(r )
}uc(r )u2 of the electronic states in the vicinity ofEF . In this
second averaging procedure the particle is considered
whole: the excited electrons explore radial zones havin
specific screening efficiency and only the quantities ente
in the screening of the Coulomb interaction are averag
i.e., eb andES(ne).

P(r ) has been determined numerically from the occup
and unoccupied self-consistent single-electron Kohn-Sh
orbitals aroundEF . In perfect spherical symmetry the energ
levelsEn,l are highly degenerate@2(2l 11)# and the single-
electron spectrum exhibits a well-developed electronic s
structure.65 Moreover the radial extent of the electronic sta
is strongly dependent on the angular momentum quan
numberl. In a real particle, numerous factors~the ionic lat-
tice, the surface corrugation, the shape distortion, the t
perature effects! remove the orbital degeneracy and lead t
strong smoothing of the density of states. In order to circu
vent the problems resulting from the overestimated e
tronic shell structure and avoid the selection of too spec
states for each size,P(r ) has been defined in averaging th
density probability of all states in the energy range@EF
20.5 eV, EF10.5 eV# for a large particle (N53.104, i.e.,
D'10 nm). As for the densityne(r ) the surface profile of
P(r ) is almost size independent and a simple scaling law
be used to estimate it for each cluster size. As compare

FIG. 13. Sensitivity of the computedt th to various parameters
for silver nanoparticles. The full line shows the standard calcula
results (d53.5 a.u. anddm52 a.u.) for alumina-embedded cluste
(em59.5) with the weighting functiong(r )5ne(r ), Eq. ~11!. The
other curves are computed in modifying one of the parameter
conditions: short-dot line~lower curve!, em51 ~particles in
vacuum!; dashed-dotted line,dm50 ~no local porosity!, dotted line
~upper curve!, dm50 andem580 ~particles in water!. The dashed
line is computed using the weighting functiong(r )5P(r ), and
spatially averaging onlyES anded .
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ne(r ),P(r ) extends more beyond the particle radiusRN and
the Friedel oscillations are more pronounced~Fig. 12!. The
first feature is due to the fact that, owing to the smoothn
of the surface profile of the self-consistent potential confi
ing the electrons, the outer classical turning points for
energiesE'EF are located in average at larger distanc
than those corresponding to the ground-state occupied le
(E,EF). The second feature is merely due to the restric
energy-level range from which is definedP(r ) ~the damping
of the oscillations inside the particle, which stems from t
dephasing of the various involved wave functions, is le
pronounced!.

The computed size dependence is comparable to that
tained with the first model~Fig. 13!. An overestimation of
the thermalization times for very small particles is howev
observed. In addition the predicted size effects are fou
weaker in this second approach, over the entire size rang
spite of the larger spillout tail exhibited by the weightin
function P(r ) @P(r ) is, as compared tone(r ), more local-
ized in the surface region, Fig. 12#. This is explained by the
influence of the factor (EF)21/2}ne

21/3 entering the electron-
scattering rategee @Eq. ~10#. In this second approach, the lo
surface-tail density plays a less important part in the s
effects since the first multiplicative factor scales now
ne

21/2eb
21/2.

Though a good agreement with the experimental dat
obtained, the above model based on a simple extension o
solid approach and a local description of electron-elect
scattering is only a crude approach. While keeping its pres
form, several improvements could be introduced, for
stance, in using electronic wave functions appropriate
spherical particles instead of plane waves. In particular,
momentum conservation inferred by the bulk model becom
irrelevant in spherical symmetry. The local approach is a
not consistent with the delocalization of the electronic sta
However, evaluation of the screening by the conduction e
trons, or equivalently the determination of the nonloc
electron-gas dielectric function, is not an easy task in a fin
system, owing to the translation symmetry breaking. A m
adapted model introducing confinement in a more consis
way has still to be developed.

VI. CONCLUSION

The internal electron thermalization dynamics has be
investigated in metal clusters using a two-color femtosec
absorption saturation technique. Experiments were p
formed in silver and gold nanoparticles with size rangi
from 2 to 26 nm, embedded in different dielectric matrix
deposited on a substrate. In both metals the establishme
an electron temperature is shown to take place on a
hundred femtosecond time scale, comparable to the on
metal films for large particles. It is strongly accelerated
small nanoparticles (D<10 nm, i.e., about 33104 atoms!
with a 2–3 times fastening for clusters in the 2-3 nm dia
eter range ~i.e., 250–820 atoms!. The measured time
dependent signals and their probe wavelength depende
were found to be in good agreement with the calculated
tical responses using numerical simulations of the tim
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dependent electron distribution functions and the bu
material band-structure models. The temporal shapes w
found to be independent of the electron excitation amplitu
and of the matrix and synthesis procedure of the nanopar
samples. This permits to ascribe the observed thermaliza
fastening to increase of the electron-electron energy
changes in small particles.

The size dependence of the thermalization time is in g
agreement with a simple model which phenomenologica
introduces increase of the Coulombic electron-electron in
actions close to the surface. It relies on an extension of
bulk metal approach and on spatial average of the elec
scattering rate, modeling the cluster by an ensemble of in
pendent spherical layers. The increase of the elect
electron scattering is thus ascribed to local reduction of
Coulomb potential screening due to the spillout of the c
duction electrons and to the core electrons exclusion fr
the surface vicinity. These surface effects were introduce
a classical approach but actually reflects the manifestatio
the quantum confinement of the electronic states on the e
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