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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 nanopatrticles 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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[. INTRODUCTION thermalization kinetics have been investigated in bulk noble
metals using different time-resolved techniques: two-photon
The static and dynamic properties of clusters and theiphotoemission, transient optical property modulation,
evolution with size from quasisolid to quasimolecular behay-surface-plasmon  polariton  kinetics, and picosecond
iors have been an intense field of researches during the lasftrasonics?® All indicate a slow establishment of the elec-
decades. Understanding the physical origin of the new propfon temperature on a few hundred femtosecond time scale.
erties of nanoobjects here is of central interest. It is motiJnvestigations performed in nanoparticles use an extension of
vated by both fundamental and technological aspects, nanée optical property modulation techniqtfe?**It is based
structured systems being an important class of new materia@ the sensitivity of the metal interband absorption on the
for applications. In this context, the interaction processes ofnergy distribution of the conduction electrons. In noble met-
the elementary excitations inside a cluster and their coupling!s. absorption in the optical spectral range can be clearly
with the environment(surrounding matrix, adsorbed mol- separated into contributions due to intraconduction band
ecules, other nanoparticles .) are keyparameters. How- transitions (quasifree el_ectron absorppmmnd interband
ever, they are difficult to address with conventional experi-0nes. The latter are dominated by transitions from the weakly
mental techniques. Time-resolved optical techniques havéispersed fulld bands to conduction band states and only
here emerged as powerful tools for directly studying electrorfake place above a certain threshofdl,, with 728,
interaction mechanisms in nanomaterial$ Though many ~4 eV in silver and 2.3 eV in gol@Fig. 1(a)]. In the equi-
investigations have been performed in nanostructuredibrium situation, it is roughly determined by the energy dif-
semiconductors,these techniques have been only recentlyference between the top of tdebands and the lowest-energy
applied to metal nanoparticlés!* Information have thus empty states in the conduction band, i.e., lying in kiadg
been obtained on electron-surface scattetild,and on energy range around the Fermi enerBy, Tg being the
electron-phonofi;*® and electron-matriX 1" energy ex- electron temperature. Heating up the conduction electrons or,
changes. The impact of confinement on electron-electromore generally modifying their distribution reflects in
scattering and on the correlated energy exchanges has orghanges of the electron occupation humbaroundEg and
recently been addressed in silver nanopatrticles, yielding evihus of the interband absorption spectrum.
dence for increase of the electron-electron interactions for A transient perturbation can be created by intrabdrek
sizes smaller than 10 nffi.n this paper we are discussing in electron$ absorption of a femtosecond pulse of frequency
more details these first measurements, in particular, their opos,, smaller than(};, . If the pulse duration is smaller than
tical wavelength dependence, and extending them to golthe characteristic electron energy redistribution time, an
clusters embedded in different environments. The results iathermal nonequilibrium electron distribution is selectively
both metals are interpreted in term of surface induced reduareated[Fig. 1(b)].?%?% Electron-electron scattering subse-
tion of the screening of the Coulombic interactions. quently redistributes the energy in the electron gas leading to
Electron-electron interactions and the correlated internah hot Fermi distribution aTe>T2, corresponding to a large
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() experiment® 2 and hole burning measuremeAisOn the
p g
E P time scale of our experiments performed with pulses in the
: 25-55 fs rangdsee Sec. ), coherent effects can thus be
B —————— neglected and only energy redistribution processes have to be
' considered. Electron excitation can thus be globally de-
yd scribed using the single-particle excitation model of free-
x10 electron absorption: one photon is absorbed by one electron
with assistance of a third particle to conserve energy and
momentum[Fig. 1(a)]. The concomitant instantaneous re-
0 af duction of the occupation of electron states well below the
_ _ Fermi energy, i.e., foE—E>kgT,, has been experimen-
FIG. 1. (a) Schematic band structure of noble metals with ata"y observed with 20 fs pulses, confirming the above
parabolic conduction band and fldtbands. The left arrow shows picture23 '
the intraband excitation_ processfabpp_gnd the right one probing This excitation mechanism leads to a strongly athermal
of thed band to cond_uctlon_-band transitionstak, . The interband g0 o161 distribution with increase of the occupation of the
transition threshold i Q;,=E—E4, E4 being the energy of the electron states above- and decrease below 2822 These
top of thed bands.(b) Change of the electron state occupation =.~~ = F )
distribution changes extend over a broad energy range of

numberAf=f—f, for a steplike initial distribution created by in- .
traband electron absorption of a very short putsshed linpand a 27 @pp>2KgTe, whereT, is the electron temperature after

thermalized onéfull line) for the same electron gas energy increaselNternal thermalizatiofFig. 1(b)]. Describing the conduction
(see Fig. 2 electrons by a one-particle distribution functiband assum-

ing an isotropic parabolic conduction batfdthe induced

occupation number change localized arowd[Fig. 1(b)].  change at time is given by

This evolution can be followed in the time domain, by a dfexc

seg:ond tlme-delaygd femtosecond pulse monitoring theT(E,t):B|p(t){%f(|§_ﬁwpp,t)[l_f(E,t)]
buildup of the material optical response change arddpd

The kinetics of the establishment of an electron temperature N = _

has thus been studied in gold and silver fifff&? Etfappf(EO1-F(E+Awpp, DI} (1)

A similar approach can be used in noble-metal nanoparwhereE is the electron energy,, the pump pulse intensity
ticles provided that they retain the main band-structure feaand B a parameter describing the electron-photon coupling
tures of the bulk materidi.e., for sizes typically larger than efficiency. If one could neglect electron energy relaxation
2-3 nm(Ref. 24] and taking into account modification of during excitation, the nonequilibrium electron distribution
the material optical properties by the dielectric confinementwould exhibit a steplike shag€igs. 1b) and 2b), and Ze)].

The creation and kinetics of a nonequilibrium electron dis- In a more realistic description one has to take into account
tribution and the induced optical property changes in a comthe evolution of the electron distribution due to electron-
posite material formed by noble-metal nanoparticles diselectron g-e) and electron-phononefph) scattering during
persed in a matrix will be discussed in the following sectionthe pulse duration. In bulk metals, the kinetics of the excita-
on the basis of a bulklike model. In Sec. IV the theoreticaltion and energy redistribution processes have been shown to
results will be compared to the experimental ones obtained ibe well described by the electron Boltzmann equafftit:

silver and gold nanospheres with sizes ranging from 2 to 26

nm, embedded in different matrices. The size dependence of df(E.t) df(E,t) df(E 1) dfexe ED). (2
the observed internal thermalization times will be discussed e dt [®°® dt | . dt (ED).

in Sec. V, in terms of a simple model introducing surface P

effects on the electron-electron Coulomb interaction. The first and second terms on the right-hand side are-the

ande-ph scattering rates, respectivéfy.

The time-dependent electron distribution functions com-
puted in bulk silver using Eq$1) and(2) are shown in Figs.

In femtosecond experiments, the metal electrons are firsd(@), 2(h), and 2i) for a 25 fs pump pulse withiwg,
driven out of equilibrium by a pump pulse. In our measure-=1.5 eV. The build up of the induced distribution change
ments this is done by intraband absorption of a femtosecondmplitude Af(E,t)=f(E,t)—fo(E) around E¢ during the
pulse of frequencyw,, well below the interband transition pump pulse duration is a consequence _of theéaes'r?‘(_:at_ter-
threshold, w,,<Q;, [Fig. 1(@]. Energy is selectively in- ing for electron states away frofe (f, is the equilibrium
jected in the conduction electrons without modification ofelectron distribution function at the initial temperature
their density. During excitation, a coherent superposition off%).?>%! This fast energy redistribution leads to Adf (E)
the electronic polarization and electromagnetic field of theshape distortion as compared to instantaneous excitation
pump pulse is initially created. Light absorption takes placqFigs. 2h) and 2e)]. However,e-e scattering being strongly
with damping of this mixed material-field excitation by elec- reduced close t&g, the electron distribution stays athermal
tron scattering leading to single electron excitatjbandau  for few hundred femtoseconds.
damping(Ref. 25]. This process takes place on a sub 10 fs Experimentally, it has been shown that establishment of a
time scale as shown in second and third harmonic generatidmot Fermi-Dirac distribution takes place with characteristic

II. NONEQUILIBRIUM ELECTRON KINETICS
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! e-e ande-ph scattering =0 is the maximum of
Ihcoppl h(om: -

-0.03 the pulse.
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E/E; E/E; E/

t<0 t=0 t=t,
a b
£ 1 @ ® FIG. 2. (a) Energy dependent electron occu-
e pation number before excitation<0 (equilib-
¢ * rium fo), (b) during excitationatt=0 assuming
instantaneous intraband excitation by a pump
O T T T T T T T pulse of frequencyw,,, with fiw,,=0.24E¢),
£ 005 F @ @ and (c) after establishment of an electron tem-
220 perature after a delat=tp>0. (d), (e), and (f)
0.00 are the corresponding distribution changk$
o e =f—f, for AT'®=100 K (the same total elec-
-0.05 | K “pp L tron gas energy is assumed f@ and (f)]. (g),
e T (h), and(i) are the distribution changes computed
¢ 0.03 |- ® N () N at timet=—30,0, and 400 fs for intraband elec-
AL L 100 L 10 L tron excitation with a 25 fs pulse using the elec-
0.00 —ST \[\ tron Boltzmann equatiof2) taking into account
EF

times 7,~350 fs and~500 fs in bulk silver and gold, The large buildup ofAf around the Fermi energy con-
respectively®?? These results have been quantitatively re-comitant with the establishment of the electron temperature
produced using the above electron kinetics model, introduccan be followed in the time domain by a time-delayed probe
ing a phenomenologically reduced static screening oktee pulse monitoring the sample optical transmission change
Coulomb potential. It accounts for screening overestimatiord T(tp), at the frequencyn, close toQ);, [AT(tp) is the
using the static Thomas-Fermi model and has been done ugifference between the sample transmission at tijiafter
ing an effective screening wave vectqg instead of the the maximum of the pump pulse minus the one before per-
Thomas-Fermi onerg : % turbation. To model the measured optical response one has
first to connect the sample transmission to its dielectric con-
stant and then the latter to the electron distribution function

B B e’m%? J’w f(E)dE In this work, we studied samples made of a large en-
Os=Adre=A 2mh3speqlo E semble of nanoparticles dispersed in a liquid or solid matrix.
For a low volume fractionp<1 of small spheres@<A,
Bgeym e where\ is the optical wavelengihthe composite material
~ P \/; 7 Ne) 3) optical properties can be described by an effective dielectric
0 Constan][5,25,37—41
with 8=0.73. n, is the conduction electron density aiagl ~ e(w)—e
the contribution of thel electrons to the static metal dielec- €(0)=€n+3p eq——a, (4
tric function. It accounts for their contribution to the screen- €(w)+2en

ing of the conduction electron interactions, wil= 6.7 and
3.7 in gold and silver, respectively. These values have bee
extracted from the experimental complex dielectric function
of the bulk materiaf&—>*by a Kramers-Kronig analysis after
subtracting the conduction-electron contribution fitted by a

where €., is the matrix dielectric constant, assumed fre-
Huency independent and real. The absorption coefficient can
then be writters> 4042

3/2
Drude-Sommerfeld expressiéh®>*The slower thermaliza- Uw)= 9p en w €3(w) 5
tion in gold than in silver is a consequence of the larger C [ey(w)+2en]?+ed(w)
contribution of thed-band electrons to screening in gold
(with 74/ 49~ \[eh' €49 sincentU~n49, see Sec. Y2 wheree(w) = e;(w) +ie,(w) is the dielectric function of the

The above electron kinetics modeling has been developeahetal nanopatrticles. As compared to the bulk metal, the ab-
for bulk metals. As a first approximation, it can be used forsorption is resonantly enhanced close to the frequdngy
interpreting the ultrafast response of not too small particlesninimizing the denominator which is the condition for the
(at least forD=2-3 nm), taking into account enhancementsurface-plasmon resonant®PR or Mie’s resonancé® The
of the e-e and e-ph scattering efficiencie$:'® As a rough  absorption spectrum of noble-metal nanoparticles is well re-
approximation, this can be done by phenomenologically inproduced using Eq(5) with the measured bulk dielectric
creasing the amplitude of the corresponding scattering rate iconstarit>® modified by a surface correctiénThe reso-

Eq. (2). nance is taking place arouid)zr=3 eV, well belowA Q;,,
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FIG. 3. (a) Fit to the measured absorption spectraDof 6 nm
silver nanoparticles in BaO,B®s. The SPR frequency 7l
=2.98 eV) and interband transition thresholl(Y;,~4 eV) are
indicated.(b) Dispersion of the coefficients andt, linking AT/T
to Ae; andAe, [Eqg. (7)] for the same sampléc) Interband con-
tribution toAe; andA e, calculated foty=0 fs andt; =500 fs for
excitation with a 25 fs near infrared pulse andy °=100 K. (d)
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FIG. 4. Same as Fig. 3 for=10 nm gold colloidal solution.
The SPR frequency i8Q)z=2.38 eV and the interband transition
thresholdr Q;,~2.3 eV.

Around the interband transition threshdlj, , the change
of the quasifree electron contribution tois small as com-
pared to that of the interband one which dominates the re-
sponseA e~A€”. To compute the optical response, one has

Corresponding induced transmission change due to the interbangiys to connech €° to Af. This has been done in bulk silver

contribution fortp;=0, 100, and 500 fs.

and around 2.4 eV, close (), , in the investigated silver
and gold nanoparticle samples, respectiéligs. 3a) and

4(a)].

and gold for interpreting continuous wa€W) thermo-
modulation measurements, introducing model band struc-
tures around the Brillouin zone points yielding the larger
contribution to the interband absorptith!®In Ag, this takes
place around thé& point of the Brillouin zone, with a main

Using a perturbational approach, the sample transmissiogontribution due to transitions from thebands to the con-

changeAT/T is connected ta by

AT(tp) dInT alnT -
T :fAGl(tD)‘i‘fAez(tD). (6)
(961 (962

In the dilute composite materials investigated he&x&/T is
only determined b)AEz, or, equivalently, by the sample ab-

sorption change:
AT/ T(wp ,tp) = — Aa(wp,,tp)L
:tl(wpr)Ael(wpr ito)
+t2(wpr)A52(wpratD): (7)

where L is the sample thickness. The coefficierts=
—(dalde;)L andt,= — (dal de,)L [Figs. 3b) and 4b)], are
entirely determined by Eq(5) and thee values used for
reproducing the linear absorption spectrum.

duction band, and a weaker one, due to transition from the
conduction-band to a higher energy emptpand** In Au,
only d band to conduction-band transitions are taking place,
with a dominant contribution at tHe point and a weaker one
at lower energy around th¥ point*® The Ae? and A €3
spectra computed with these modelstig=0 and 500 fs are
shown in Figs. &) and 4c) for bulk silver and gold.
Band-structure changes being weak for the investigated
nanoparticle size¥ the inducedAT/T in a nanoparticle
sample can be calculated from the bulk metal= A e® us-
ing Eqg. (7). In silver, AT/T exhibits two distinct spectral
features around);, and Qr 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 interband
transitions, theAT/T dispersion reflecting that ohe®. In
contrast, the structure aroufiti is specific to confined sys-
tems and is a consequence of the enhancement of the non-
linear optical response by the dielectric confinement around
the SPR™ This reflects in the large amplitudes gfandt,
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aroundQ g, amplifying the weak structurelegse” response  the same injected energy. In the experiments described here
in this spectral range. In the case of gold, the SPR is close taTg ©is of the order of 50—400 K. The electron heat capac-
Q;, and these two features overlfipig. 4(d)]. ity being much smaller than the lattice one, the final tempera-
As expected, the computefiT/T around the interband ture rise of the fully thermalized electron-lattice system is
transition threshold exhibits a strongly time-dependent shapgypically 1 K.
in both silver and gold nanoparticles. For the athermal case Experiments were performed in different samples made of
(tp=0 fs) a smallAT/T amplitude with a broad structure- silver or gold spherical nanocrystals dispersed in different
less spectrum is obtained. It is in contrast with the quasithmatrices or deposited on a substrate. The first set of samples
ermal situation (=500 fs) for which a strong peak is ob- consists of silver nanoparticles embedded in a
served aroundi();,. Note that in gold nanoparticles, the 50BaO-50R0s glass. They were prepared by a fusion and
maximum amplitude is blue shifted as compared b, due  heat treatment techniqdé.The mean particle diametdd
to enhancement of the signal by the dielectric confinementanged from 4 to 30 nm. The metal volume fractiprwas
effect. In both systems, the rise of th&€T/T amplitude between X 10 *-5x10"“4 with a sample thicknesd
aroundn (), is delayed and does not follow energy injection ~15 um. A second set of samples, formed by silver or gold
by the pump pulse. It is particularly clear in the case of silverclusters in A}Oz;, was grown by low-energy cluster beam
where, in contrast, the structure around the surface-plasmateposition with co-deposition of alumina on a silica
resonance frequency exhibits an almost instantaneous rise, ssbstraté® The mean size was in the 3—4 nm range and
it is almost proportional to the electron gas excessypically afew percents. The thicknels®f the cluster doped
energy?>*®This delayed rise reflects the buildup&f close  layer was about 0.2m. The third set of samples were silver
to Eg, i.e., the internal electron thermalization dynamics,or gold colloidal solutionsri a 1 mmthick cell. They were
permitting to follow the electron thermalization in the time prepared by chemical synthesis using a reverse micelle tech-
domain. nique (Ag, with D=5.8 nm¥*°® or a modified tannic acid/
citrate method(Au, with D=5,10 or 20 nm>° The thiol
Ill. EXPERIMENTAL SETUP stabili;ed particles were either left in solutidAu case or
deposited on a glass substrdéfgy case. All samples were
The time-resolved transmission change experiments wereharacterized by transmission electron microscopy. They
performed using a high sensitivity femtosecond pump-probéiave narrow size dispersion with standard size deviations
setup. It is based on a home made Ti:sapphire oscillator turranging from 4 to 10% ofD but for the ALO; matrix
able in the 1.07-0.82m range. The pulse duration is typi- samplesabout 30%.
cally in the 25 fs range except for the longer wavelengths
above 1um for which it increases up to a maximum of
about 40 fs. Part of the output of the laser was used as the
near-infrared pumgsome measurements in Ag have also The probe wavelength dependence &T/T measured
been performed by frequency doubling iThe second part arounds();, in theD=6 nm silver sample is shown in Fig.
was used to create the probe pulses either in the UV or greesia) for two pump-probe time delays; =0 and 400 fs. The
spectral range, in the vicinity of the silver and gold interbandmeasured spectral shapes are in good agreement with the
transition thresholds, about 310 and 530 nm, respectivel\somputed ones. In particular, they exhibit the same narrow-
The green pulses were created by frequency doubling thiag with time and concomitant large increase of th&/T
fundamental pulses in a 1Qom thick BBO crystal. The UV amplitude aroundiw,,~ 4 eV. This confirms that the mea-
pulses were generated by frequency doubling followed bysured signal can be entirely ascribed to modification of the
sum frequency generation in BBO cryst&isifter recom- interband transition spectrum. As in films for CW and tran-
pression in fused silica prism pairs, the pulse durations wergjent measurement&?24>°a slightly broader experimental
about 40 and 55 fs in the green and UV ranges, respectivelyhan calculated shape is observed. This deviation can be as-
The excitation process being nonresonant, it is weakly sercribed to the approximations made in the band-structure
sitive to the pump wavelength. Probe photon energy depemmodeling and/or neglect of the width of the electronic states.
dent measurements were thus performed by changing the op- The spectral shape narrowing &f/T is accompanied by
erating wavelength of the oscillator. sign changes with time on its blue and red wif§. 5a)].
The two beams were sent into a standard pump-prob&hey are better seen by plotting the measured time depen-
setup, with mechanical chopping of the pump beam at 1.%ence ofAT/T for a fixed probe wavelengflFig. 6a]. The
kHz and differential and lockin detection afT. Taking ad-  observed complex temporal and spectral behaviors are in
vantage of the high stability and high repetition rdi#6 good agreement with the computed or{ésg. 6(b)] and
MHz) of the oscillator, very high sensitivity measurementssimilar to those previously reported in silver filffsThey
were performed with a noise level faxT/T in the 10°  are signatures of the existence of a non-Fermi electron dis-
range. This sensitivity is important to study metallic systemsribution in metal nanoparticles on a few hundred femtosec-
in the weak perturbation regim@ear-infrared pump flu- ond time scale, i.e., a delayed electron gas internal thermal-
ences in the 5-20@.J/cm 2 rangé. As usually done, the jzation.
energy injected by the pump pulse is characterized by a Similar shapes were observed for all the investigated Ag
maximum equivalent electron temperature isE'® defined  sampleg[Fig. 5b)] with a narrowing of the red wing with
as the temperature increase of a thermalized electron gas feize reduction. It is a consequence of the size dependence of

IV. ELECTRON ENERGY EXCHANGES: SIZE EFFECT
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FIG. 5. (8) Probe photon energy dt_ependence of th.e.‘ transmission FIG. 7. (@) Time behavior of the transmission changT/T
changeAT/T measured around the interband transition threshold . .
measured foriw,,~3.95 eV andhw,,~1.32 eV in spherical Ag
7, for pump-probe delays of 0 fs and 400 fs D=6 nm Ag . pr. N PR .
. ) . nanoparticles of diametdd=24 nm and 6 nm in BaO-®; and
nanoparticles in BaO-®s. The pump fluence is 182J/cn?. The - . i )
. . .D=3.2 nm in ALO;. (b) Time dependenAT/T measured inD
full and dashed lines are calculated from the transient electron dis- . : .
L =20 and 5 nm gold colloidal solutions aft=2.2 nm clusters in a
tribution (see Sec. )\ (b) same aga) for a pump-probe delay of Al,O; matrix. The dash dotted lines (a) and(b) are fits to the A
400 fs andD=24 and 6 nm Ag nanoparticles in BaQ@® and 2vs . 9

D=3.2 nm Ag clusters in AlO;. The lines are only connecting the D=6 nm and Aub =20 nm cases using E¢). The dotted lines
; : are the pump-probe cross correlations.
experimental points.

the optical response of the material, i.e., of theand t, the spectral position of thAT/T sign change. The similar
coefficient in Eq(7). Physically, it is due to the influence of AT/T spectral shapes measured in the different samples con-
the SPR on the nonlinear optical response, the positive SPfM that band-structure modifications are negligible for the
inducedAT/T contribution partly balancing the negative one investigated particle sizes and that they are probed in similar
associated with the interband transition in this spectral ranggonditions. This is making possible a direct comparison of
[Fig. 3d)]. As the SPR width increases for small nanopar-the measured T/T temporal behavior in the different com-

ticles, its contribution on its blue wing increase, blue shiftingPOSite materials. o
This can be done by monitoring the spectral shape nar-

rowing of AT/T aroundh (), or, equivalently, the rise of the
- @ - ® AT/T maximum amplitude around 4 eV. The results obtained
m for iw,,~3.95 eV andiw,,~1.32 eV are plotted in Fig. 7
[\ — emev] for D=3.2, 6, and 24 nm, together with the pump-probe
i \/’_—_ cross correlation. In all sampledT/T exhibits a clearly

resolved rise time that decreases with the nanopatrticle size.
The probe photon energy dependenc@dfT measured
s in D=20 nm gold colloidal solution is shown in Fig(8 for
- \#X // two time delays. The observed shape is similar to that previ-
I I ously reported in the strong excitation regif@:!5253t is
\//—__/. in very good quantitative agreement with the computed re-
; ; sponse based on the bulk gold band-structure model of Rosei
[ M\ [Fig. 8b)]. As in silver, the response can thus be entirely
0'0 . 0'2 . 0'4 . 0'6 . ols . olo . 0'2 . 0'4 . 0'6 . ols o a§cribgd to modificat.ion of the interband traEr)lssition spectrum
‘ l;robe’delay’ (ps)‘ ) 'Probe' dela:y (ps; ’ vylth minor contrl_butloq from other effecf:*® A delayed
rise of theAT/T signal is also clearly observed demonstrat-
FIG. 6. (@) Time-dependent transmission chang@/T mea- N @ slow electron thermalization kinetics.
sured inD=6 nm Ag nanoparticles in BaO,Bs for different However, in contrast to silver, the spectral shape in gold is
probe photon energies as indicated in the figlg Corresponding ~ determined not only by the dispersion®&® but also by that
AT/T computed using the calculated electron distribution functionof the SPR enhancement effefisg. 4(d)]. In particular, the
and the bulk silver band-structure modsee text position of the maximumAT/T amplitude is here correlated

W

10 AT/T
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. . . FIG. 10. Time behavior of the transmission chang@&T/T
22 24 26 28 measured irD=3.2 nm Ag particles in AlO; with near infrared
Probe photon energy (eV) (fhwpp~1.32 eV, dashed lingor blue (i wp,~2.64 eV, full ling
pump pulses. The probe photon energy is,,~3.95 eV. The dot-
ted line is the pump-probe correlation function for the infrared
pump—UV probe case.

FIG. 8. (a) Fit to the measured absorption spectra bf
=20 nm gold colloid. The SPR frequendily is indicated.(b)
Probe photon energy dependence of the transmission chshge
measured for pump-probe delays of 50 fs and 500 fs. The full and  payli exclusion is a key factor in the slow thermalization
dashed lines are calculated from the transient electron distributioRinetics measured here. It leads to blocking of the final states
(see Sec. )l for electron scattering, strongly decreasing the probability of
the e-e collisions around the Fermi energy. It is directly re-

to the SPR frequency rather thanftél;,, and slightly blue lated to the occupation of the electron staftég,t) and can

shifts during internal electron gas thermalizat{&tig. 8b)]. be strongly modified by the pump pulse. It has been shown

As in Coppeﬁ it makes theAT/T temporal behavior sensi- o L o
tive to the probe wavelength around the SPR frequency ir.t1hat the thermalization dynamics is independent of the in

: : . o me
good qualitative agreement with our modeling, as iIIustratecleCtecj energy in the weak perturba_tlon regime, i%eT,e .
in Fig. 9. In order to compare th&®T/T kinetics in different smaller than typically 300 K. Smearing of the electron dis-

samples and in films the measured shapes have thus beg'r?uuon aroundEe. is then sufficiently small to neglect al-

compared for a fixed probe photon enerty,,=2.4 eV. teration of thee-e scattering rate. It is perturbation depen-

- _ dent for larger energy injection leading to a fastening of the
The resu!ts are shown in Fig(ty fo_r D=20and 5 nm go!d signal rise”” The results obtained as a function of the nano-
nanoparticles in solution and f@=2.2 nm gold cluster in

. . particle size and environment can thus be compared only if
an alumina matrix. . :
the measurements are always performed in the weak excita-
tion regime, i.e., if the observed kinetics is independent of
the excitation amplitude.

As usually done, we have checked that our results are
independent of the pump fluence. However, below a certain
fluence level, less than one photon is on average absorbed
per nanoparticle. In this regime, which is reached for the
smallest particles we are investigating, further pump fluence
reduction only reduces the number of excited particles, not
their excitation amplitude. It is set by the minimum energy
injected in a particle, i.e., one photdnw,,. This minimum
excitation induces a large temperature rise in small particles,
ATg®=360 K and 610 K forfiw,,=1.3 eV and 2.6 eV, re-
spectively, in aD=3.2 nm Ag particle. To check that the
time response is independent of the excitation amplitude, we
have performed additional measurements as a function of the
pump photon energy. Identical results were obtained in the
D=3.2 nm Ag particle sample using pump pulses either at
the fundamental,fiw,,~1.32 €V, or second harmonic,
hiw,,~2.64 eV, of the femtosecond oscillator for the same
probe photon energyiw,,~3.95 eV (Fig. 10. Note that
though the nonequilibrium distributions are initially differ-

FIG. 9. Measureda) and calculatedb) normalized transmission  ent, for the two excitation conditions, the high-energy elec-
changeAT/T in D=20 nm gold colloid foriw,=2.33 eV and tron states relax in few femtoseconds. They very weakly in-
2.41 eV (dashed and full line, respectivelyThe inset shows the fluence the observed kinetics on the considered time scale
colloid absorption spectrum and the probe photon enetgiesws. that is thus identical for the two excitation conditions. This is

AT/T (normalized)

AT/T (normalized)

O'O 1 L 1 L 1 2 2
00 05 10 15 20 25

Probe delay (ps)
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in agreement with our simulations and with the fact that the
observed behavior is essentially governed by electron scat-
tering close to the Fermi energy.

As previously done in metal filn®:??a more quantitative
comparison of the measuredT/T responses at the charac-
teristic frequencyiw,, =4 eV in Ag and 2.4 eV in Au, can
be performed by defining an internal thermalization timge
It is determined by fitting the experimental results by a re-
sponse functiom with the form

Tth/tfll:m

u(t) =H(O{A[L—exp(—t/ ) Jexp( —t/ 7e_pp)
+B[1_9Xq_t/7e—ph)]}a )

T/ Ifhﬂm

where H(t) is the Heaviside function. The first term de-
scribes the purely electronic response which rises with the ;
time constantry, and decays by electron energy transfer to 0 s 10 15 2 25
the lattice with the effective electron-phonon coupling time Nanoparticle diameter (nm)
Te.ph- 1he second term account for the small residual signal _ o
(B<A/10) due to heating of the lattice and rising with the FIG. 11. Size dependence_of the electron thermallzatlon time
time constantre.,p,. B is determined by the long time delay ' A9 (&) and Au (b) nanoparticles embedded in a Ba@® (ful
(few picosecondsmeasurementsr,..,, has been shown to dotg or Al,O; (open squargsmatrix, deposited on a substrate
e-p

. T . ) (open trianglg or in colloidal solution(full triangles. All the data
decrease with size in Ag and Au nanopartlé'iéé'hls effect are normalized to the measured metal film valu§¥. The full

is fully accounted for here by using, ;, as a fitting param- jines are the computes;, taking into account both the spillout and
eter that is determined by the long dela¥/T behavior, not  g-electron localization effects. The dashed and dotted lines are cal-
influenced byry,. The obtainedr..,, values are in good culated suppressing the spilloutaelectron surface effect, respec-
agreement with the previously reported ofe&.good repro- tively. The insets show the same data for the normalized thermali-
duction of theAT/T time behavior is obtained by convolving zation rater!i™/ 7, as a function of the inverse diame®@r *.

the measured pump-probe cross correlation wits shown

in Fig. 7(@ for the D=6 nm silver sample usingry, V. ELECTRON ENERGY EXCHANGES: MODELING

~250 fs and in Fig. {b) for theD =20 nm Au sample using o o .

7, ~450 fs. This is significantly smaller than the bulk value ~ Within the Fermi liquid theory!’ the two-body electron-
measured in optically thin silver filmsy,~350 fs and com- €lectron €-€) interaction is expressed by a Coulomb poten-
parable in the gold case,,~500 fs. The rise time is found tial screened by both the co.nductlo'n and bound electrd.ns (
to be slower in gold than in silver, in agreement with the bulk€!€ctrons in noble metalsThis permits a good reproduction
metal result20:22 of the transient dynamics of the one-electron distribution
function f in bulk metals(Sec. 1).2%??In this approach, the
Scattering ratey.¢(E) of an electron out of it& energy state
due toe-e collision is given by?°’~61

The size dependence of the measurgds very similar in
silver and gold nanoparticles as shown in Fig. 11. For size
larger than 10 nmygy;, is comparable to the one determined in
metal films, indicating a weak confinement effect for these
sizes. This is consistent with the results of previous measure-
ments inD=9 and 48 nm gold colloids, that yield,, values 1 me' 2\EfrEg [AEE
almost identical to the bulk gold oﬁ’él_:or smaller sizesy,,  Yee™ Tee — 64332 2EYE L2 4B+ Es Harcta Es
strongly decreases eventually reaching a value three to two
times smaller than the bulk metal one for 2—3 nm clusters, X(E—Eg)?, (9)

i.e., 250—820 atomé~ig. 11).

The results obtained for nanoparticles prepared by differ-
ent techniques and embedded in different solid matrices, ovhere Es=%2g%2m and energy is measured from the bot-
in solution with surface bound thiols, or deposited on a subtom of the conduction band. The various quantifigs Eg,
strate are very similar. This clearly demonstrates that th@nd gs depend only on the effective electron massthe
observedr, variation is independent of the environment andconduction electron density,, and the static background
sample preparation method. The observed fastening of thdielectric function, i.e., the interband terég(w=0) in bulk
electron thermalization with size reduction can thus be asmetal. The scattering amplitude for a fixed electron energy is
cribed to an intrinsic effect, i.e., confinement induced in-completely determined by these parameters. For a fixed
crease of the electron energy exchanges in small metal nano¥ass,m~m,, the free electron mass, in Ag and Au, thg
particles. and e4 dependences of,, are given by
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b% o(n5/66d1/2|:ﬂ+arcta ﬁ
ee

e 4Eq+Eq "V Eg

The term in bracket being almost constant, the main depen-
dences are included in the first two terfis.

As discussed in Sec. Il, the experimental electron thermal-
ization time 7, reflects the energy redistribution inside the
electron gas after absorption of a femtosecond pulse. It is
determined by the-e scattering events over a certain energy
range, actually mostly in the vicinity of the Fermi surface
where the slowest processes underlying the electron dynam-
ics are taking place. The thermalization rafg' is thus ex-
pected to be proportional to theee collision probability yee
and to exhibit the sama, and ¢4 dependences. This has
been confirmed by numerical simulation of the electron ther-
malization kinetics in bulk metals using the model of Sec. II. ) A5 10 5 0 5 10
Furthermore, the predicted variation witfe, is in very good r-Ry (bohr)
agreement with the experimentally measurgg increase

: . 6/ Aus _AQ__ u g
from silver to gold films {/e;/eq~1.35 and TﬁJTﬁ‘ timating ther, size dependenc&®y=rN*?is the particle radius

- 22
~1.4). ) o . (radius of the ionic backgroundR.=Ry—d is the radius of the
The spatial distributions of both the conduction atid  megium with background dielectric function,= e (). R=Ry

band electrons are no more homogeneous in a cluster sinceq _ is the radius beyond which the embedding matrix extends
they are modified close to the surfaces. The conduction ele¢e, = ¢, (w)]. In the intermediate zongR,,R,] €, is equal to
tron wave functions extend beyond the classical particle siz@nity. In the standard calculatiors=3.5 a.u. andd,,=2 a.u. are

of radiusRy=rsN*® whereN is the number of atoms in the used™ Lower figure: the full line curve is the electronic density
cluster andrg the Wigner-Seitz radius2=3/(47n,). The  normalized to the bulk metal one2 for the Agy cluster with N
density n, thus decreases close to the inner surface of the=3x 10" (D~10 nm). The dashed line is the average electron
cluster and presents a tail extending out$i&° This elec-  density probabilityP(r) corresponding to the single-electron states
tron spillout effect is responsible for the red shift of the lying in the energy rangpEr—0.5 eV, Ex+0.5 eV].
surface-plasmon resonance frequency with size reduction ob-

served in small alkalin cIusteFE.Converser, thal electron  crease in a region of a few a.u. around the surface. The
wave functions are localized in the inner region of the par-density and its spatial profile in a cluster are almost identical
ticle leading to an incomplete embedding of the conductiorfor both Ag and Au whose conduction electron properties are
electrons in the core electron backgrofAd® These two  very similar. Calculations performed for different sizes show
effects are responsible for the tiny surface-plasmon resahat the surface profile ofig(r), including the outermost
nance blue shift observed in small noble-metal clustees,  Friedel density oscillations, is to a large extent independent
on the linear optical propertig&® 7 This is the net result of of the cluster size. This property holds true with respect to
the competing red- and blue-shift trends resulting from thethe effective potential well confining the conduction elec-
spillout effect and surface skin of ineffectivkelectron po- trons. In the spillout region this feature stems from the fact
larizability (with the possible additional influence of local that the surface profile is determined by the exponentially
background polarizability of the matrix out of the particfé  decreasing tails of the electronic wavefunctigmg(r) is
These effects modify two important parameters entering théhus almost insensitive to the set of the occupied Kohn-Sham
bulk electron scattering rate: the electron density dedec-  orbitalg. This feature permits to obtain by a simple radial
tron screening close to a surfdt&’ and are expected to be scaling the electron density for each cluster $ggfrom the
responsible for the observed increase of the effectivee  self-consistent surface density profile calculated for a given
scattering rate in small nanoparticles. large size.

Alteration of the electron distributions close to a surface The d-electron polarizability modification was described
has been modeled in the framework of a semiquantal multiby a multilayered model, which involves three geometrical
layered model of jellium typdi.e., the discrete structure is interfaces(Fig. 12. R,=Ry—d defines the radius of the
disregarded It yields a very good reproduction of the ab- inner bulklike metal region, characterized by the interband
sorption spectra of various matrix-embedded noble-metatlielectric function:e,= ¢4 for r<R.. R,=Ry+d,, is the
clusters’® The time-dependent local-density-approximationradius beyond which the surrounding matrix extends. In this
formalism was used for the linear optical properties andouter region, the background polarizability is determined by
ne(r) obtained by solving the Kohn-Sham equations in thethe matrix dielectric constant ang, has to be replaced by
density-functional theoryDFT)(Fig. 12. In the inner region  €,: e,=e€, for r>R,,. In the intermediate regioR <r
of the particle,ng(r) shows Friedel oscillations but stays <R, no d electron or matrix contribution takes place;
very close to the bulk density?. It exhibits a smooth de- =1. In the inner regiofiRy—d,Ry] , it accounts for exclu-

o I’I;SIGEJ 1/2.

(10

n(/ng , P(r)

FIG. 12. Upper figure: Multilayered particle model used for es-
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sion of thed electrons from a surface layer of effective thick- syrface. This surface induced enhancement ofetizescat-
nessd.®’~**The vacuum shell of thickness, beyondRy is  tering is consistent with the larger surface than bulk electron
introduced to mimic the spherically averaged local matrixstate dephasing rate measured using a space-resolved
porosity at the interfacésurface roughness, contact defeCtS’techniqu@Z*n

70 ; :
...)."" The values of the two effective parametexs, As every surface induced effects for not too small par-
=3.5a.u. andl,=2 a.u. have been mdependently.estlTatedtides, its contribution varies as the ratio of the surface to
In analygzmg surface-plasmon resonance spectra in free Agpyik atom numbers, i.e., as 1/D. This is rising from about
cluster§ and composite Ag:alumina sample® Let us re- 10% forD = 10 nm to about 50% fob =2 nm. At least for
mark that identicald values are expected for Au and Ag yhe |argest particles, for which the surface effects can be
particles since they have almost identiaal values (s jnpoguced as corrections, their efficiency is proportional to

T?’ f["."u') and th.f’ Io_ng_lrar_lgeA partdo'; thetl and o wa\;_e | the surface to volume ratio, i.e., to the inverse diameter. This
unctions are quite simiiar in Ag and Au atoms, respeCliVely.is srated in the insets of Fig. 11 showing the experimen-
In contrast, thed,, parameter is not an intrinsic one aad

. . —1 .
priori depends on the composite metal-matrix system andf and calculated thermalization Tatg,” as a fl_mctlon of
sample elaboration conditions. 1/D. Note that ther,;, computed in the film with surface

To estimate the impact of the above effects on the elecEf€Cts in 2D geometry is larger than the one in very large
tronic thermalization time in small metal particles and itsParticle where no surface effect is taking place.
correlation to the film one, we have used the bulk metal TO yield some insights on the relative influence of the
approach and phenomenologically introduced them asPpillout andd-electron surface exclusion effects, we have
corrections® This has been done by using a simple modelcomputed thery, size dependence for only one or the other
consisting in spatially averaging the bulklike local scatteringcontribution, i.e., no surface layed=0, or no spillout
rate in the metal particle. In a spherical cluster the effectivene(r)=n2 for r<Ry andng(r)=0 for r >Ry, the other pa-
electronic thermalization timey, is thus estimated from rameters being unchangéBig. 11). The results show that
both ingredients are necessary to reproduce the measured
dependence, the spillout effect giving the larger contribution
for small sizes. The spillout contribution is about 6020%)
w , (1D larger than the surface layer related one =5 nm Ag
J 47r2g(r)dr (Au) clusters.e4 being larger in gold than in silver, the
0 electron related contribution is larger in the former, leading

where}}, is the thermalization time for a homogeneous me-L0 an overall larger size dependencergf (Fig. .1])' Finally,
let us remark that both effects lead to an increase of the

dium of electron density.(r) and static background dielec- ) . . :
electron-scattering rate whereas they vyield opposite size

tric constante,(r), with r[‘hocygel Eqg. (10). g(r) is an ap- ) .
propriate weighting function, taken here equahigr) as a trends with respect to the frequency shift of the surface-
plasmon resonance.

first approximationt® . " h
This local approach can be supported by a classical pic- The above “standard” parameters correspond to the case

ture: the scattering rate af along the trajectory of the ex- of the alumina embedded clusters. The experimental data

cited electrons, is assumed to be determinechily) and involving particles embedded in diﬁerent_environments, we
6([‘) (i_e_, the local electron gas density and background pohav.e studied the depende-nce of the estimated times on the
larizability atr) . This crude approximation can be justified €nvironment parameters, i.e,(0) anddy,. For the two
to some extent by the short screening length of the CoulomBXtreme cases of fully alumina-embedded clusteks=0)
interaction(on the order of 2—3 a.u. in metls or clusters in vacuum €,=1; or equivalentlyd, very

The size dependence of the thermalization times in silvelarge), the thermalization times remain close to those calcu-
and gold particles, calculated with the present model, aréated within the “standard” mode{Fig. 13. This weak de-
displayed in Fig. 11(full lines). The full multilayered de- pendence is consistent with the experimental conclusion that
scription has been usedi€ 3.5 a.u. andd,=2 a.u.), with  the observed size dependence of the thermalization time is
the static dielectric constant of bulk alumipe,(0)=9.5] in  essentially ruled by intrinsic processes.
the matrix region. The theoretical values have been normal- The computed relative variation ef;, with €,,(0) andd,,
ized to the film one calculated using a similar model in acan be related to the background dielectric constant environ-
two-dimensional(2D) geometry. No fitting parameter has ment explored by the spillout electrons. It can be inferred in
been introduced since all the constants were independenthemarking that(i) the averaged value expressed by Ed)
determined from previous spectral-domain measurements. lis dominated by the zones where the local scattering rate is
both metals the size-dependent experimental times are wdlrge (small ¢, value, and,(ii) the spillout effect, leading to
reproduced by the theoretical predictions, over the entire siza large increase of the scattering rate in the low electron
range with only a slight deviation for the smallest sizes. Thedensity tail(reduction ofn,), can be noticeably counterbal-
good agreement between theory and experiment suggesigiced in the matrix zone if it has a largg. This partial
that the observed enhancement of #ae interactions in  quenching of the spillout induced increase of the scattering
small particles can be ascribed to local reduction of theate by the matrix-induced screening, is illustrated by the
screening efficiency of the Coulomb potential close to themodel results obtained for a very large matrix screening cor-

f:4wr2{rrh(eb(r>,ne<r>>}‘1g<r>dr

Tth =
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ne(r),P(r) extends more beyond the particle radigg and
the Friedel oscillations are more pronoundé&ig. 12. The
first feature is due to the fact that, owing to the smoothness
of the surface profile of the self-consistent potential confin-
ing the electrons, the outer classical turning points for the
energiesE~Eg are located in average at larger distances
than those corresponding to the ground-state occupied levels
(E<Eg). The second feature is merely due to the restricted
; energy-level range from which is defin€{r) (the damping
(1)) P I T TN I of the oscillations inside the particle, which stems from the
o0 5 10 15 20 2 dephasing of the various involved wave functions, is less
Nanoparticle diameter (nm) pronounced

The computed size dependence is comparable to that ob-
tained with the first mode{Fig. 13. An overestimation of
"the thermalization times for very small particles is however
observed. In addition the predicted size effects are found

other curves are computed in modifying one of the parameters o\fve_aker in this second_approaf:h, °V.ef the entire Slze. raqge n
conditions: short-dot line(lower curve, e,=1 (particles in splte_of the larger s_plllout tail exhibited by the weighting
vacuun; dashed-dotted lingj,,=0 (no local porosity, dotted line  function P(r) [P(r) is, as compared ta(r), more local-
(upper curvg d,,=0 ande,,=80 (particles in water The dashed ized in the surface region, Fig. 12This is explained by the
line is computed using the weighting functiai(r)=P(r), and influence of the factorfg) ~“2xn '3 entering the electron-
spatially averaging onlfEg and ey . scattering rate/.. [EqQ. (10]. In this second approach, the low

surface-tail density plays a less important part in the size
responding to the case of metal nanoparticles fully embeddeeffects since the first multiplicative factor scales now as
in water (e,,=80 andd,,=0, Fig. 13. ng Y2, 12,

The weighting functiorg in Eq. (11) has been identified ~ Though a good agreement with the experimental data is
with the electron density, . This approach consist in mod- obtained, the above model based on a simple extension of the
eling the spherical cluster as an ensemble of independerblid approach and a local description of electron-electron
nested spherical metallic layers with specific electronic denscattering is only a crude approach. While keeping its present
sity ng(r) and background dielectric constagy(r). How-  form, several improvements could be introduced, for in-
ever, owing to the Pauli’s exclusion principle only nanopar-stance, in using electronic wave functions appropriate to
ticle electronic states with energy closeip are involved in  spherical particles instead of plane waves. In particular, the
the scattering processes. Another choice of the weightingnhomentum conservation inferred by the bulk model becomes
function could thus be the density probabilitP(r) irrelevant in spherical symmetry. The local approach is also
«|4(r)|? of the electronic states in the vicinity & . Inthis  not consistent with the delocalization of the electronic states.
second averaging procedure the particle is considered asHowever, evaluation of the screening by the conduction elec-
whole: the excited electrons explore radial zones having &ons, or equivalently the determination of the nonlocal
specific screening efficiency and only the quantities enteringlectron-gas dielectric function, is not an easy task in a finite
in the screening of the Coulomb interaction are averagedsystem, owing to the translation symmetry breaking. A more
i.e., ep andEg(ny). adapted model introducing confinement in a more consistent

P(r) has been determined numerically from the occupiedvay has still to be developed.
and unoccupied self-consistent single-electron Kohn-Sham
orbitals aroundEg . In perfect spherical symmetry the energy
levelsE, | are highly degenerafe2(2l +1)] and the single-
electron spectrum exhibits a well-developed electronic shell The internal electron thermalization dynamics has been
structure®® Moreover the radial extent of the electronic statesinvestigated in metal clusters using a two-color femtosecond
is strongly dependent on the angular momentum quanturabsorption saturation technique. Experiments were per-
numberl. In a real particle, numerous factoithe ionic lat- formed in silver and gold nanoparticles with size ranging
tice, the surface corrugation, the shape distortion, the temfrom 2 to 26 nm, embedded in different dielectric matrix or
perature effecisremove the orbital degeneracy and lead to adeposited on a substrate. In both metals the establishment of
strong smoothing of the density of states. In order to circuman electron temperature is shown to take place on a few
vent the problems resulting from the overestimated elechundred femtosecond time scale, comparable to the one in
tronic shell structure and avoid the selection of too specifianetal films for large particles. It is strongly accelerated for
states for each siz&(r) has been defined in averaging the small nanoparticles@=<10 nm, i.e., about 10* atomg
density probability of all states in the energy rande-  with a 2—3 times fastening for clusters in the 2-3 nm diam-
—0.5eV,EL+0.5 eV] for a large particle =3.10%, i.e., eter range(i.e., 250-820 atoms The measured time-
D~10 nm). As for the densitn.(r) the surface profile of dependent signals and their probe wavelength dependences
P(r) is almost size independent and a simple scaling law camwere found to be in good agreement with the calculated op-
be used to estimate it for each cluster size. As compared tiical responses using numerical simulations of the time-

Tm/‘g]m

FIG. 13. Sensitivity of the computed,, to various parameters
for silver nanoparticles. The full line shows the standard calculatio
results =3.5 a.u. andl,,=2 a.u.) for alumina-embedded clusters
(em=9.5) with the weighting functiom(r)=n¢(r), Eqg. (11). The

VI. CONCLUSION
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dependent electron distribution functions and the bulktron kinetics. Its modeling requires a full quantum descrip-
material band-structure models. The temporal shapes wet#@n of electron-electron coupling and many-body effects in a
found to be independent of the electron excitation amplitudenetal cluster, starting from the spherical electron wave func-
and of the matrix and synthesis procedure of the nanoparticlgon. Though many theoretical works have been devoted to
samples. This permits to ascribe the observed thermalizatiofhe description of metal cluster electronic properties, little is
fastening to increase of the electron-electron energy eXnown about electron scattering and correlation effects. Ad-
changes in small particles. ditional theoretical works are here clearly necessary to de-
The size dependence of the thermalization time is in goodcribe the size dependence of the electron kinetics and, in

agreement with a simple model which phenomenologicallyparticular, the transition from a bulk metal to small size clus-
introduces increase of the Coulombic electron-electron interters.

actions close to the surface. It relies on an extension of the
bulk metal approach and on spatial average of the electron
scattering rate, modeling the cluster by an ensemble of inde-
pendent spherical layers. The increase of the electron-
electron scattering is thus ascribed to local reduction of the We wish to thank A. Nakamura for helpful discussions
Coulomb potential screening due to the spillout of the con-and S. Omi for making the BaO,Bs embedded silver nano-
duction electrons and to the core electrons exclusion fronparticles. We also thank M. Maillard and M. P. Pileni for
the surface vicinity. These surface effects were introduced iproviding the deposited nanoparticle sample. Some of us also
a classical approach but actually reflects the manifestation aicknowledge financial support by the ConseilgReal

the quantum confinement of the electronic states on the eleckAquitaine.
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