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Size-Dependent Electron-Electron Interactions in Metal Nanoparticles
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The internal thermalization dynamics of the conduction electrons is investigated in silver nanoparticles
with radius ranging from 13 to 1.6 nm using a femtosecond IR pump–UV probe absorption saturation
technique. A sharp increase of the electron energy exchange rate is demonstrated for nanoparticles
smaller than 5 nm. The results are consistent with electron-electron scattering acceleration due to surface
induced reduction of the Coulomb interaction screening by the conduction and core electrons.

PACS numbers: 78.47.+p, 42.65.–k, 73.61.Tm
Reduction of the size of a material to a nanometric scale
leads to drastic modifications of its physical properties that
evolve from those of a solid to those of a few atom cluster.
In metallic systems, conduction electron scattering pro-
cesses play a key role in these properties and investigation
of their alteration by the confinement is thus of both funda-
mental and technological interest [1]. Time resolved femto-
second techniques are powerful tools for studying electron
interactions in bulk material and have been recently ap-
plied to metal nanoparticles [2–10] yielding information
on electron-phonon [5–9] and electron-surface scattering
[6,10]. The impact of confinement on electron-electron
scattering, and on the correlated internal thermalization dy-
namics of the conduction electrons, has however not been
addressed. We report here on the first investigation of the
internal electron thermalization dynamics in small metal
clusters. Measurements were performed using a two-color
femtosecond absorption saturation technique in a model
system formed by spherical silver particles embedded in a
matrix. The results yield direct evidence for increase of the
electron-electron interactions for sizes smaller than 5 nm.

The investigation technique is an extension of that used
in noble metal films [11,12], and takes advantage of the
sensitivity of the metal interband absorption on the energy
distribution of the conduction electrons. This is first selec-
tively perturbed by intraband (free electrons) absorption
of a near infrared pulse, creating a strongly athermal dis-
tribution (dashed line in Fig. 1a, assuming instantaneous
excitation). Electron-electron scattering subsequently re-
distributes the energy in the electron gas leading to a hot
Fermi distribution, corresponding to an occupation num-
ber change Df localized around the Fermi energy EF (full
line in Fig. 1a). Absorption around the interband transi-
tion threshold h̄Vib being dominated by transitions from
the full d bands to empty states around the Fermi surface it
is very sensitive to Df close to EF and thus to the thermal
or athermal character of the distribution.
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A similar approach can be used in noble metal nanopar-
ticles embedded in a transparent dielectric matrix, taking
into account modification of the material optical prop-
erties by the dielectric confinement. For a low volume

FIG. 1. (a) Change of the electron occupation number Df
around EF for thermal (full line) and athermal (dashed line)
distributions. The inset schematically shows the initial (full
line) and perturbed (dashed line) electron distributions. vpp
is the pump pulse frequency. (b) Corresponding absorption
changes around the interband transition threshold computed for
the R � 3 nm Ag particle sample for the thermal and athermal
distributions (full and dashed lines, respectively).
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fraction of small particles (with radius R ø l, where
l is the optical wavelength), the absorption coefficient
of the composite material can be expressed in terms of
the complex dielectric function of the metal nanoparticles
e�v� � e1�v� 1 ie2�v� [1]:

a�v� � A
ve2�v�

�e1�v� 1 2em�2 1 e
2
2�v�

, (1)

where A is a constant and em the matrix dielectric con-
stant. As compared to bulk metal, absorption is resonantly
enhanced around the frequency, VR , where the denomi-
nator is minimum, which is the condition for the surface
plasmon resonance. Conversely to other noble metals, this
takes place in silver away from the interband transitions
(h̄VR � 3 eV as compared to h̄Vib � 4 eV). Experi-
ments were thus performed in silver nanoparticle samples
where absorption modification in the interband transition
region can be selectively studied.

The absorption change Da induced by electron excita-
tion reflects that of the metal particle dielectric function
[Eq. (1)] and can be calculated by connecting De to Df
[11–13]. Band structure changes being negligible for the
investigated nanoparticle sizes (R . 1.5 nm) [1], this can
be done using the bulk silver band structure model of Rosei
[13]. The computed Da spectra are shown in Fig. 1b for
the athermal and thermal distribution changes of Fig. 1a
(the two distributions correspond to the same injected en-
ergy). In the athermal case Da exhibits a small amplitude
with a broad structureless spectrum, in sharp contrast with
that for the thermal situation. In particular, a strong in-
crease of Da when probing around 4 eV is predicted, re-
flecting the buildup of Df close to EF , and thus permitting
one to follow the electron thermalization.

The near infrared and UV pulses necessary for the ex-
periments were created using a femtosecond Ti:sapphire
oscillator generating 25 fs frequency tunable pulses around
950 nm. The output of the laser was split into two parts,
the first one being used as the pump beam. The UV probe
pulses were generated by frequency tripling the second
part. The typical UV average power was 10 mW with a
pulse duration of 60 fs. The excitation process being non-
resonant is weakly sensitive to the pump wavelength and
probe photon energy dependent measurements can be per-
formed by changing the operating wavelength of the oscil-
lator. The two beams were sent in a standard pump-probe
setup with mechanical chopping of the pump beam and
lock-in detection of the probe beam transmission change
DT (defined as the difference between the perturbed and
unperturbed sample transmission). The reflectivity change
being negligible, DT�T is directly proportional to the ab-
sorption change: DT�T � 2DaL, where L is the sample
thickness.

Spherical silver nanoparticles embedded either in a
50BaO-50P2O5 or in a Al2O3 matrix were investigated.
The former samples were prepared by a fusion and heat
treatment technique and the average particle radius R
ranges from 2 to 13 nm [14]. The latter, with 1.5 #

R # 2 nm, were grown using low energy cluster beam
deposition with codeposition of alumina [15].

The probe wavelength dependence of 2DT�T mea-
sured around h̄Vib in the R � 3 nm sample is shown
in Fig. 2 for two pump-probe time delays: tD � 20 and
400 fs. The measured spectral shapes are in good agree-
ment with the computed ones for, respectively, athermal
and thermal distributions (Fig. 1). In particular, a larger
amplitude of 2DT�T around h̄vpr � 4 eV is observed
for tD � 400 fs than for tD � 20 fs, yielding evidence
for a delayed electron thermalization. Similar shapes were
observed for all the investigated samples, confirming that
band structure modifications are negligible for the inves-
tigated particle sizes and that the different samples are
probed in similar conditions. The conduction electron ther-
malization dynamics can thus be compared for different
particle sizes by monitoring the time dependent transmis-
sion change around 4 eV.

The time behaviors of 2DT�T measured for h̄vpr �
3.95 eV and h̄vpp � 1.32 eV are plotted in Fig. 3 for
R � 1.6, 3, and 12.1 nm, together with the pump-probe
cross correlation. In all samples, 2DT�T exhibits a de-
layed rise, with, for instance, a maximum amplitude at
tD � 250 fs for R � 3 nm demonstrating the existence
of a non-Fermi distribution in metal nanoparticles on a
few hundred femtosecond time scale. Furthermore, the
observed rise time decreases with R yielding evidence for
faster electron thermalization in small particles.

To be more quantitative, we have defined a characteris-
tic internal thermalization time tth by fitting the measured
signal assuming a monoexponential rise and using a phe-
nomenological response function of the form

u�t� � H�t� �1 2 exp�2t�tth�� exp�2t�tph� , (2)

where H�t� is the Heaviside function. The exponential
decay of u�t� with the time tph stands for electron en-
ergy transfer to the lattice [10]. By convolving u�t� with

FIG. 2. Change of transmission 2DT�T � DaL measured
around the interband transition threshold for pump-probe de-
lays of 20 fs (triangles) and 400 fs (squares) in the R � 3 nm
Ag nanoparticle sample. The pump fluence is 180 mJ�cm2.
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FIG. 3. Time behavior of the induced transmission change
2DT�T measured for h̄vpr � 3.95 eV and h̄vpp � 1.32 eV
in the R � 12 nm (dotted line), 3 nm (full line), and 1.6 nm
(dashed line) Ag nanoparticle samples. The dash-dotted line is
a fit for the R � 3 nm case using Eq. (2) and the short-dotted
line the pump-probe cross correlation.

the pump-probe cross correlation, a good reproduction of
the DT�T time behavior is obtained as shown in Fig. 3
for the R � 3 nm sample using tth � 250 fs. For R $

5 nm, tth is comparable to the one determined in a silver
film using a similar technique (tth � 350 fs [12]). It
strongly decreases for smaller sizes with, for instance,
tth � 160 fs for R � 1.6 nm (Fig. 4). Comparable re-
sults were obtained for nanoparticles embedded either in
the 50BaO-50P2O5 or in the Al2O3 matrix (Fig. 4), show-
ing that the observed tth variation is independent of the
environment and sample preparation method.

The slow establishment of a Fermi-Dirac distribution in
metal is a consequence of electron-electron (e-e) inter-
action reduction due to the many body effects and Pauli
exclusion. This last effect leads to blocking of the final
states for electron scattering and thus to a strong decrease
of the probability of the e-e collisions around the Fermi
energy. Since they are the slowest collision processes

FIG. 4. Size dependence of the electron thermalization time
tth for Ag nanoparticles in a BaO-P2O5 (dots) and Al2O3 (tri-
angles) matrix. The full line shows the computed tth taking into
account both the spillout and d-electron localization effects, and
the dash-dotted and dotted lines their respective contributions.
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involved in electron thermalization, they essentially de-
termine tth. Consequently the thermalization dynamics
is independent of the injected energy in the weak per-
turbation regime (i.e., induced electron temperature rises
smaller than about 300 K) for which smearing of the elec-
tron distribution around EF is small, but is perturbation
dependent for larger energy injection [12]. To test a pos-
sible effect due to larger heating of the small particles, we
have checked that our results are independent of both the
pump fluence and the pump photon energy (using excita-
tion either at the fundamental, h̄vpp � 1.32 eV, or sec-
ond harmonic, h̄vpp � 2.64 eV, of the laser for the same
probe h̄vpr � 3.95 eV). This last point is important here
since, on the average, less than one photon is absorbed
per nanoparticle for small sizes and the minimum injected
energy in a particle is thus set by h̄vpp . The observed
acceleration of the conduction electron thermalization can
thus be ascribed to an intrinsic effect of the metal nanopar-
ticles, i.e., confinement induced fastening of the electron
energy exchanges.

Using the Fermi liquid theory, electron interactions can
be described by a Coulomb potential screened by both
the conduction and bound electrons (d electrons in noble
metals). Because of the strong impact of the surfaces, the
electron environment is different in a cluster as compared
to the bulk metal. In particular, it was shown that the wave
functions of the conduction electrons extend beyond the
particle radius, leading to a reduction of their density ne

close to the surface (electron spillout [16]). Conversely,
the d-electron wave functions are localized in the inner
region of the particle leading to an incomplete embedding
of the conduction electrons in the core electron background
[17,18]. Both effects lead to less efficient screening of the
Coulomb interactions close to a surface [19,20] and are
thus expected to increase the effective e-e scattering rate
in small nanoparticles.

With the measured tth being similar in metal films and
large clusters (Fig. 4) we have estimated the influence of
these surface effects by introducing them as corrections.
Assuming static screening, one can show that in the bulk
material the dependence of the scattering rate of an electron
out of its state on the electron density and core electron
screening is given by [21]

ge ~ n25�6
e e

21�2
d , (3)

where ed is the d-electron contribution to the static metal
dielectric function. For a weak perturbation, tth is directly
related to g21

e . As a first approximation, we have thus esti-
mated the global scattering rate in the particle assuming ge

to have a similar expression as in the bulk [Eq. (3)], with
position dependent ne and ed , and spatially averaging it
taking into account the particle electron density. Although
this local approach is a crude approximation, it is partly
justified by the short screening distance of the Coulomb
interaction (on a length of the order of the inverse of the
Thomas-Fermi wave vector, �1 Å in metals).
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The spatial variations of ed and ne in silver clusters were
previously modeled to analyze the size dependence of the
surface plasmon resonance frequency [18] and we have
used the same approach here. The d-electron surface ex-
clusion effect is described using a phenomenological two-
region dielectric model, where screening by the d electrons
is effective only in a core sphere of radius Rc � R 2 c
with c � 3.5 a.u. (i.e., ed � e

bulk
d inside the core sphere

and ed � 1 outside). The smooth spatial variation of ne

around the surface is calculated using the jellium dielec-
tric sphere model [18]. The estimated R dependence of
tth reproduces well the experimental one, indicating im-
portant contributions from both the spillout and d-electron
localization effects (Fig. 4). No parameter is used here, the
absolute value of the calculated tth being set by imposing
its large particle (R $ 25 nm) value to be identical to the
bulk one. With the ne spatial profile close to the surface
being almost independent of R for the investigated sizes,
the calculated tth size dependence essentially reflects the
increasing relative number of electron in the perturbed sur-
face layer (about 25% of the electrons are out of the Rc

radius core sphere for R � 2 nm), i.e., the increasing in-
fluence of the surface in small clusters.

Although a good reproduction of the data is ob-
tained, a systematic deviation is observed for small sizes
(R # 2 nm). The above model, based on a simple exten-
sion of the bulk calculations with phenomenologic inclu-
sion of the surface effects using a local approach, clearly
overlooks specific features of the confined materials. In
particular, the e-e scattering rate has been derived using
the bulk electron wave functions and includes momentum
conservation. This is relaxed in the confined system, due
to, classically, electron scattering off the surfaces and is
expected to lead to further size-dependent modifications of
the e-e interactions. A more correct description requires
nonlocal calculations of the e-e scattering and many body
effects in a nanoparticle using the confined electrons wave
functions and is out of the scope of this paper.

In conclusion, using a two-color femtosecond absorption
saturation technique, we have performed the first inves-
tigation of the internal electron thermalization dynamics
in metal clusters. Experiments were performed in a model
system formed by silver nanoparticles embedded in a di-
electric matrix where establisment of an electron tempera-
ture can be selectively studied. This is shown to take
place on a few hundred femtosecond time scale, compa-
rable to that in metal films for large particles but strongly
accelerated for smaller ones (R # 5 nm). The similar
results, obtained for different matrices and electron excita-
tion conditions, permit one to ascribe the observed thermal-
ization fastening to increase of electron-electron scattering
in small particles. The size dependence of the thermaliza-
tion time is in good agreement with a simple model which
phenomenologically introduces surface induced reduction
of the Coulomb interaction screening due to the spillout
and d-electron wave function localization effects. Addi-
tional theoretical works are, however, clearly necessary
to model electron-electron interactions in metal particles,
and, in particular, the transition from the bulk material to
small size clusters.

The authors wish to thank A. Nakamura for helpful dis-
cussions and S. Omi for providing the BaO-P2O5 embed-
ded silver nanoparticles.
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