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Abstract. The effects of surface-induced lattice contraction on the size evolution of the surface plasmon
resonance and of the electronic thermalization time in small silver clusters have been investigated in the
framework of a mixed classical/quantum model. The increase of the conduction-electron density results in
a blue-shift trend for decreasing cluster size. However this effect is counterbalanced by the increase of the
dielectric function associated to the ionic-core background. Agreement with the blue-shift trend observed
in experiment is recovered by introducing an inner surface skin of vanishing ionic-core polarizability having
a thickness practically unchanged as compared to previous estimations. The influence of the lattice con-
traction on the electron dynamics is also discussed. It is shown that this influence is negligible as compared
to the surface effects arising from the spillout and the inner skin of reduced ionic-core polarizability which
are both responsible for a decrease of the electron thermalization time as the particle size decreases.

PACS. 36.40.-c Atomic and molecular clusters – 61.46.+w Nanoscale materials: clusters, nanoparticles,
nanotubes, and nanocrystals – 71.45.Gm Exchange, correlation, dielectric and magnetic response functions,
plasmons – 78.47.+p Time-resolved optical spectroscopies and other ultrafast optical measurements in
condensed matter

1 Introduction

During the past decades a huge amount of experimental
and theoretical works have been devoted to study the ef-
fects of the electronic and dielectric confinements on the
optical properties of metal particles [1–8]. In the dipo-
lar regime no size effect is predicted with respect to the
light absorption within the classical Mie’s theory [9], when
a noticeable size-dependence – depending on the metal
and the particle environment – is observed in this size
range too [4–7]. It is now well established that the size-
dependence is, to a large extent, rooted in finite-size quan-
tum effects that are disregarded in the classical approach.
Among them, the smooth decrease of the electron den-
sity at the particle surface is a systematic feature: the
metal/vacuum or metal/matrix interface is not perfectly
located, as it is assumed in classical electrodynamics where
the Fermi wavelength λF is implicitly considered as neg-
ligible in comparison with all the other relevant length
scales of the system. For instance in free sodium clus-
ters the red-shift of the surface plasmon frequency as
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the particle radius decreases is directly correlated to the
amount of electrons lying beyond the classical particle ra-
dius R = rsN

1/3 (effect referred to as the spillout phe-
nomenon; rs is the Wigner-Seitz (WS) radius characteriz-
ing the bulk density and N the number of atoms in the
cluster).

In the case of noble metal clusters the tiny size-
dependence of the optical properties can be described –
qualitatively – as the net result of the competition between
opposite trends induced by two surface effects [10–17].
The competing red- and blue-shift trends stem from, in
the one hand the spillout effect, and, on the other hand
the surface skin of reduced ionic-core polarizability [18].
In phenomenological dielectric models (i.e. jellium-like)
this ingredient is taken into account by assuming that
the polarizable homogeneous medium describing the di-
electric properties of the ionic cores (tightly-bound d
electrons in the case of noble metals) extends only up
to R− d, where d is the thickness of the skin of van-
ishing polarizability. This surface effect, introduced for
the first time by Liebsch [10], was successfully applied
to explain the size dependence of the surface plasmon
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frequency in noble metal clusters [10–16], especially the
blue-shift trend (as the size decreases) observed for free
Ag+

N clusters [11], and for matrix-embedded AgN [11–15],
AuN [15] and alloyed (AuxAg1−x)N [16] clusters. Quan-
tum calculations within the time-dependent local-density-
approximation (TDLDA) formalism, carried out on small
Ag+

N clusters in vacuum (thus free from matrix effects),
lead to the estimate d ≈ 3−3.5 a.u. [15]. This value is
larger than the one deduced by Liebsch [10] from flat Ag-
surface properties (d ≈ 1.5−2 a.u.) or those assumed in
previous investigations [19].

Besides the linear optical properties, the size-
dependence of the thermalization dynamics of the con-
duction electrons in silver nanoparticles has been recently
investigated by time-resolved femtosecond pump-probe
experiments [20]. The results show a decrease of the elec-
tronic thermalization time as the size is reduced. Within
a simple model where the electron-electron scattering rate
induced by the screened Coulomb interaction is spatially
averaged, the decrease of the thermalization time was
found quite well estimated in taking into account the re-
duction of the screening at the cluster surface. The reduc-
tion of the local screening stems from, in the one hand
the low-density electronic tail near the surface, and, on
the other hand the surface skin of ineffective ionic-core
polarizability. Let us remark that these two features lead
here to similar size-trends, whereas they yield opposite ef-
fects with respect to the shift of the surface plasmon Mie’s
frequency.

In a recent work by Cai et al. [21] a high-resolution-
electron-microscopy analysis of the crystal lattice in sup-
ported and glass-embedded silver clusters (diameter-range
2–10 nm) show linear contraction of the lattice parameter
with reciprocal particle size, giving evidence of an intrin-
sic surface-induced self-compression of the clusters. As a
matter of fact such a change in the lattice parameter, ei-
ther in small systems as metal clusters, or with respect to
the outermost atomic layers of a flat surface, is a general
physical effect [22–26]. Taking into account the lattice con-
traction these authors have successfully reproduced the
available results on the optical properties of silver clus-
ters, namely a blue-shift of the Mie’s frequency as the size
decreases, by simple classical Mie calculations, without in-
volving the surface skin of ineffective polarizability. The
size-dependent increase of the conduction-electron density
induced by the lattice contraction is the only additional
ingredient in the classical model. It results, more specif-
ically, in changes of the bulk plasma frequency ωp, the
Fermi velocity vF and the surface scattering-limited mean-
free-path [27,28].

The purpose of this paper is to take into account the
lattice contraction [21] in our theoretical interpretations
related to both linear optical and dynamical properties in
silver clusters. The following topics are addressed in this
work: (1) in a first step the quantum results are compared
with the classical calculations by Cai et al. when only
the increase of the conduction-electron density is consid-
ered. (2) In a second step we include in the model the
lattice contraction-induced change of the dielectric func-

tion εc(ω) corresponding to the ionic-core background.
The size-dependence of the surface plasmon frequency is
calculated in taking into account both effects. (3) The
effective thickness d of the surface skin of vanishing ionic-
core polarizability is evaluated in taking into account the
lattice-contraction effects, by comparison with the avail-
able experimental results on Ag+

N clusters. (4) The influ-
ence of the lattice contraction on the electronic thermal-
ization time in silver clusters is analyzed.

The theoretical framework and the results are pre-
sented in Sections 2 and 3, respectively. A brief conclusion
is given in Section 4.

2 Theoretical background

Calculations based on the TDLDA formalism [29–31], in-
cluding the absorption and screening properties of the
ionic background, have been carried out within a mixed
classical/quantal model. The ingredients of the model
have been detailed in previous papers [15,32,33], and
are outlined briefly. The ionic metal background is phe-
nomenologically described by both: (i) a step-walled ho-
mogeneous spherical charge distribution (jellium) of ra-
dius R = rsN

1/3, and, (ii) a homogeneous dielectric
medium (core-electron dielectric function εc(ω), assumed
to be bulk-like) extending up to Rc = R− d. εc(ω)
has been extracted from the experimental macroscopi-
cal dielectric function of bulk silver [34] by a Kramers-
Kronig analysis [15,32,35]. Let us emphasize that only the
conduction electrons are quantum-mechanically described
within the TDLDA formalism. The improved formalism
developed in reference [33] is used throughout this work.
The reader is referred to reference [15] for the predictions
obtained for free AgN and Ag+

N clusters, when no lattice
contraction is involved, and our previous estimation of the
parameter d (≈3−3.5 a.u.). Finally, let us point out that
the classical Mie’s frequency is recovered for large particle
sizes.

Since the size effects in noble metal clusters are rather
tiny, owing to competing effects, the numerical input pa-
rameters involved in the present calculations have to be
specify in details. For the bulk WS radius and the elec-
tron mass we have taken rs(∞) = 3.02 a.u. [36] and
m∗ = m0 (free electron mass). In the TDLDA formal-
ism the evaluation of the Green functions G(r, r′, E) =
〈r|[H − E − iδ]−1|r′〉, that are involved for calculating
the independent-electron density-density correlation func-
tion χ0(r, r′, E), requires the use of a finite value (that acts
as a numerical smoothing parameter) for the infinitesimal
δ-parameter [29–31]. This amounts – in a rough picture –
to attributing an intrinsic width 2δ to each bound–bound
particle–hole excitation line. The values δ = 100 meV has
been selected in order to keep the computational time rea-
sonable. Let us stress that by no means δ has to be con-
sidered as related to the bulk relaxation time τb entering
the classical model. In most calculations the δ-value is
large enough to smooth out the fragmented band pattern
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due to the coupling with individual particle-hole excita-
tions (Landau damping [37,38]). Except for some small
sizes exhibiting a more pronounced fragmented pattern
(multi-peak structure or a main peak with shoulders) in
comparison with neighbouring studied sizes, the frequency
corresponding to the maximum of the spectrum, defined
as the surface plasmon frequency (ωM), does not depend
noticeably on the selected δ-value.

The effect of the bulk relaxation time deserves to be
commented. In a classical approach Γb = ~τ−1

b is the Mie-
band width in the asymptotic limit (large cluster radius).
This parameter reflects the electron scattering processes
in the bulk material, due to collisions with phonons (main
factor), lattice defects, impurities... The value used in ref-
erence [21] (τ−1

b = 2.70 × 1013 s−1 for silver), close to
the value 2.50 × 1013 s−1 deduced from the silver dc-
resistivity at room temperature [39], leads to a band-
width equal to Γb = 17 meV. Except for very large clus-
ter sizes, this value is considerably lower than the surface
scattering-induced contribution in the damping parameter
Γ (R) = Γb+~AvF(R)/R, which is involved in the classical
model. Consequently the classical Mie’s frequency, given
approximately by the equation (Eq. (5) in Ref. [21])

ω2
M(R) =

[
ω2

p(R)/B
]
− [Γ (R)/~]2 (1)

is poorly affected (negligible overestimation) if τ−1
b is set

equal to zero in this equation (B = 2εm + Re[εc(ω =
ωM)] where εm is the matrix dielectric function; see the
note [40]). Nevertheless the results reported in refer-
ence [21], as well as the classical ones reported in this work,
include the bulk contribution in the relaxation time. In
the present quantum calculations the bulk contribution in
the relaxation time is not included in the model since the
coupling with the vibrations of the background are dis-
regarded. Only the surface scattering-limited mean-free-
path contribution is implicitly taken into account through
the Landau damping [37,38,41]. Therefore the width of
the Mie band decreases towards zero for increasing clus-
ter radii in quantum calculations involving an homoge-
neous inert background and an infinitesimal δ-value [41].
In the present calculations the asymptotic value (very
large radii R) of the full width at half maximum is ac-
tually 2δ, as it was checked by inspecting the calculated
absorption spectra. These remarks suggest that the cal-
culated Mie frequencies are probably very slightly over-
estimated as compared to those that would be obtained
within a quantum model including the coupling with the
vibrations.

3 Results and discussion

For a cluster containing N atoms, the lattice contraction
is calculated by solving the following equation (Eq. (10)
in Ref. [21])

rs(N)− rs(∞)
rs(∞)

= −2
3

Kf

rs(N)N1/3
(2)
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Fig. 1. The size-evolution of the maximum of the Mie band in
the absorption spectra of free silver clusters, when only the in-
crease of the conduction-electron density is taken into account
in the model. Black squares: experimental data on Ag+

N clus-
ters [11]. Thick full line curve: theoretical predictions within
the Mie theory including the surface scattering-limited mean-
free-path effect (A = 0.25). Crosses: maximum of the Mie band
for A = 0.25 (see text). Thin full line curve: results when only
the size dependence of the plasma frequency ωp is considered
(A = 0). Triangles: results of the quantum calculations for
AgN clusters with (empty symbols) and without (black sym-
bols) lattice contraction. Circles: results of the quantum cal-
culations for Ag+

N clusters with (empty symbols) and without
(black symbols) lattice contraction.

where K is the compressibility and f the surface
stress. In the classical model used in reference [21]
the size-dependent lattice contraction acts through
the changes of: (i) the plasma frequency (ωp(N) =
ωp(∞)[rs(∞)/rs(N)]3/2); (ii) the surface-induced con-
tribution in the relaxation-time (~AvF(N)/[rs(N)N1/3],
with A = 0.25 [27] and the Fermi velocity vF(N) =
vF(∞)rs(∞)/rs(N)). In the quantum model all these ef-
fects are implicitly taken into account through the increase
of the jellium density, namely through the N -dependence
of the jellium radius R = rs(N)N1/3. Results obtained
within the classical model (frequency minimizing the ex-
pression |ω2

M(R) − ω2|, where ω2
M(R) is the right side of

Eq. (1)), for free AgN clusters, are shown in Figure 1 (thick
full line curve), and compared to the available experimen-
tal data (black squares) on free hot Ag+

N clusters [11]. The
results obtained with A = 0 are also displayed (thin full
line curve).

In this crude classical model the change of the bulk
plasma frequency ωp is the major effect ruling the size
dependence of the surface plasmon frequency ωM. The
“irregularities” in the size evolution, observed for very
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small particle radii, result from the overlap of the Mie
band with the interband transitions (interband threshold
ωIB ≈ 3.85 eV). When the Mie’s frequency is close or
above ωIB (the real and imaginary components of εc(ω)
vary strongly), the value deduced from the minimization
of the above analytical expression is too crude, and the
peak maximum has to be obtained by plotting the ab-
sorption spectrum. The crosses are the results obtained
by this latter method, for A = 0.25.

The empty triangles in Figure 1 are the predictions
of the quantum calculations, carried out in the size range
N = 8−2048 (magic sizes), in the absence of the surface
skin of vanishing polarizability (d = 0). Let us empha-
size that both models have an identical asymptotic Mie-
frequency for very large radii (ωM(∞) ≈ 3.41 eV). This is
less apparent in the “quantum curve” because of quantum
finite-size effects, but the four largest investigated sizes
(N = 1314, 1556, 1778, 2048; 1/R ≈ 0.5 nm−1) converge
clearly towards this value. Except in the small size range
(N < 100) the size evolution is almost quenched in the
quantum model, whereas a steady strong blue-shift trend
is observed in the “classical” size-evolution over the en-
tire size domain. The discrepancies between the quantum
and classical predictions are very large in the small size
range. Obviously the Mie’s frequencies obtained in quan-
tum calculations are lower because the spillout effect is
disregarded in the classical approach. This stresses that
this quantum effect is of main importance, and has to be
appropriately modelled when using a classical model, first
for a fine quantitative comparison with experimental data,
and, second, to infer more reliably the physics underlying
the net size effects observed in experiment. It is clear that
applying the raw classical model to sodium clusters (lat-
tice contraction is also theoretically predicted for alkali
metals [24,25]) would lead to a blue-shift trend instead of
the red-shift trend that is experimentally observed [4–6].
As rightly emphasized by Cai et al. and many other au-
thors, other eventual size-dependent factors neglected so
far, for instance related to the electronic band structure or
the effective electron mass, could be responsible for part
of the observed finite-size effects.

In the absence of the surface skin of ineffective screen-
ing, the theory/experiment (data on Ag+

N clusters) dis-
crepancy is reduced by the charge effect (calculations per-
formed on the magic – electronic – sizesN ′ = N+1; empty
circles in Fig. 1). The charge effect is strong for small clus-
ters and negligible for clusters containing more than a few
hundred atoms. The charge effect is manifestly insufficient
to bring the theory in accordance with experiment.

Finally let us stress that the lattice contraction affects
quite strongly the quantum predictions, as in the clas-
sical approach, since the size evolution previously calcu-
lated [15] in the absence of lattice contraction exhibits a
slight red-shift trend as the size decreases, for both neu-
tral and charged clusters (black triangles and squares for
AgN and Ag+

N in Fig. 1).
The influence of the effective electron mass m∗ de-

serves to be discussed and numerically estimated, due to
the tiny finite-size effects. In a first approximation the ef-

fect can be anticipated to act as a simple scaling factor
ωM ∝ m∗−1/2 through the plasma frequency ωp, result-
ing roughly in a global shift of the size-evolution curves,
especially a blue-shift for m∗ < m0. The present calcu-
lations involve the value m∗ = m0. In reference [35] the
values m∗/m0 = 0.96 and 1.09 are obtained by match-
ing the experimental dielectric function of bulk silver at
~ω = 0.62 eV and 2.5 eV, respectively, in assuming a
Drude dielectric function for the conduction electrons. The
spectral-dependence of m∗ is the reason why the simple
prescriptionm∗ = m0 is used throughout this work. More-
over the linear extrapolation of the experimental data on
Ag+

N clusters is consistent with the corresponding asymp-
totic value 3.41 eV, as it can be seen in Figure 1. Let
us emphasize that the suitability of such an extrapola-
tion procedure has however to be called into question
owing to, in the one hand the finite-size effects, and, on
the other hand the spectral dependence of εc(ω) and –
possibly – of the other parameters. In reference [21] the
effective mass m∗ = 0.96m0, deduced by Johnson and
Christie [42] in the infrared spectral range has been used
(the asymptotic value is ωM(∞) ≈ 3.47 eV in this case).
The linear fit of the experimental data, including those
obtained on large AgN clusters in solid argon after in-
troducing a corrective factor to take into account the
dielectric constant of the matrix, converges towards the
asymptotic value 3.5 eV [11,21]. Most of the data re-
lated to the Ar-embedded AgN clusters are however no-
ticeably above the linear fit. Involving larger sizes leads
obviously to a more reliable determination of the asymp-
totic value ωM(∞). However, using experimental data on
large matrix-embedded clusters requires to estimate with
a very high accuracy the corrective factor. As pointed out
in reference [15] the frequency-shift induced by the local
porosity at the metal/matrix interface is of crucial im-
portance for analyzing the results. Moreover the cluster
temperature in reference [11] (free sputtered Ag+

N clus-
ters) is estimated to be larger than 103 K, when the
measurements on neutral AgN clusters embedded in solid
argon [12,17] are performed at very low temperature.
Therefore the asymptotic value ωM(∞) (and thusm∗) can-
not be reliably determined – with a high accuracy – from
the available experimental results. Debating on the best
effective mass to be selected in silver clusters is out of the
scope of this paper, and is not elucidated so far. Quantum
calculations, using the value m∗ = 0.96m0, have been car-
ried out for AgN and Ag+

N clusters and have shown that
a possible lowering of the effective electron mass relative
to m0, of the order of a few percents, is quite insufficient
to bring theory in accordance with experiment.

We now tackle the second topic listed at the end
of the Introduction. Actually, when the lattice parame-
ter is lower, the ionic-core – as well as the conduction-
electron – density increases. From this effect results a
size-dependent increase of the ionic-core dielectric func-
tion εc(ω), and a competing red-shift trend is thus antici-
pated (see for instance the classical expression Eq. (1)).
As it is well-known, a mere scaling law χc(ω,N) =
χc(ω,∞)[rs(∞)/rs(N)]3, where χc is the ionic-core
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background susceptibility, is not suitable for dense materi-
als because of strong local-field effects. A simple Clausius-
Mossoti formula, namely χc(ω) = [ncαc(ω)/ε0]/[1 −
ncαc(ω)/3ε0], where αc(ω) is the core polarizability and
nc the ion density, constitutes a reasonable numerical ap-
proximation for estimating the size-dependence of εc(ω) =
1 + χc(ω). This statement is supported by the work of
Sturm et al. [43] who have investigated the effects of
the core polarization on the dielectric properties of sim-
ple metals within the random-phase approximation. These
authors have shown that, in the case of metals with cu-
bic symmetry, and provided that the conduction-electron
charge fluctuations induced by the short-wavelength local
fields of the core dipoles can be neglected, εc(ω) expresses
as a pure Clausius-Mossoti formula. The neglected charge
fluctuations would lead merely to a change of the factor
1/3 in the second term of the denominator in the Clau-
sius Mossoti formula. Let us remark that αc(ω), which
depends on atomic localized orbitals, can be assumed to
be unsignificantly modified by the lattice contraction. The
size-dependence of nc leads to the following change in the
ionic-core dielectric function

εc(ω, rs(N)) =
εc(ω) + 2 + 2ν[εc(ω)− 1]
εc(ω) + 2− ν[εc(ω)− 1]

(3)

where ν = [rs(∞)/rs(N)]3 is the density ratio, and εc(ω)
in the right side is the dielectric function for rs(∞).

The model predictions with this additional effect, in
the absence of the surface skin of ineffective ionic-core
polarizability (d = 0), are shown in Figure 2, for neu-
tral and charged clusters (empty triangles and circles
connected with continuous lines, respectively). The thick
full-line curve is the result obtained within the classical ap-
proach. Unlike alkali clusters, where the influence of the
ionic-core polarization is minor, a red-shift of the Mie’s
frequency is actually induced by lattice contraction in sil-
ver particles. The red-shift trend for decreasing particle
radius is scarcely stronger than the one reported in refer-
ence [15] for d = 0 in the absence of lattice contraction (see
Fig. 1). This indicates that the blue- and red-shift trends
induced by the lattice contraction (trends corresponding
respectively to the increase of the conduction-electron and
ionic-core densities) balance almost perfectly in quantum
calculations. The quantum results include the spillout ef-
fect and are thus lower than the classical ones, except
for the smallest investigated sizes. The discrepancies are
however very tiny, and this is at first sight astonishing,
in view of the much larger differences between classical
and quantum results that are observed in Figure 1. This
seemingly inconsistent feature is actually a direct illus-
tration of the interdependence of the surface effects [18],
emphasizing the non-additivity of the various finite-size ef-
fects: because of the spillout effect less electrons are inside
the cluster, namely less electrons are sensitive to the size-
evolution of εc(ω). Therefore, for a given increase of εc,
the red-shift of the surface plasmon frequency is lower
than the one that would be obtained in involving a hard-
walled electronic density. In other words the red-shift in-
duced by the increase of εc(ω) is lower in the quantum
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Fig. 2. The size-evolution of the maximum of the Mie band in
the absorption spectra of free silver clusters, in taking into ac-
count the size-dependence of the ionic-core dielectric function
εc (Eq. (3)). Black squares: experimental data on Ag+

N clus-
ters [11]. Triangles and circles: results of the quantum calcula-
tions for AgN and Ag+

N clusters, in the absence of the surface
skin of reduced ionic-core polarizity (d = 0). The thick full line
curve is the classical prediction (d = 0).

model than in the classical one. These remarks point out
again that, depending of the sophistication of the cluster
model, specifically-parametrized quantum effects have to
be included for studying small particles within a simple
classical approach.

The remaining discrepancies between quantum theory
and experiment gives evidence of the relevance of the
inner surface skin of vanishing ionic-core polarizability,
and we have re-estimated the d-value in taking into ac-
count the lattice contraction. In the model involving only
the increase of the jellium density, values of the order of
1.5–2 a.u. have been found consistent with the experimen-
tal data on Ag+

N in the medium size range. As compared
to our previous work [15] the estimated d-values are obvi-
ously lower since the lattice contraction contributes also to
a blue-shift of the Mie’s frequency. When the size depen-
dence of εc(ω) is taken into account in the model, d-values
of the order of 3 a.u. (see Fig. 3), similar to those obtained
in our previous work [15], are consistent with the experi-
mental data in the medium-size range. Obviously this es-
timation is very rough since only two experimental data
lie in this size range. The large discrepancies observed for
the smallest investigated sizes (sizes N ′ = 9 and 21) are
probably due to fact that the present model (homogeneous
jellium and dielectric medium, Clausius-Mossoti formula),
which disregards completely the discrete ionic structure
and suitable only for large enough particles, is too crude
for describing the optical properties in the very small-size
range. However let us point out that non-negligible ex-
pansion of the lattice by thermal effects, resulting – pos-
sibly – in a decrease of the Mie’s resonance, is not ruled
out for very small clusters. In reference [11] the authors
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Fig. 3. The size-evolution of the maximum of the Mie band
in the absorption spectra of free silver clusters, in taking into
account the size-dependence of the ionic-core dielectric func-
tion εc (Eq. (3)), for various thicknesses of the inner surface
skin of vanishing ionic-core polarizability. Black squares: exper-
imental data on Ag+

N clusters [11]. (a) Results of the quantum
calculations for AgN clusters. (b) Results of the quantum cal-
culations for Ag+

N clusters.

estimate the temperature of the Ag+
N clusters produced by

their sputtering source to be of the order of 2 000–3000 K.
Thus thermal effects could explain the discrepancies be-
tween the experimental data on very small Ag+

N clusters,
obtained by photodepletion spectroscopy, and the present
model calculations. At this stage such an explanation is
only speculative.

We tackle now the fourth point listed in the Intro-
duction. The almost perfect balancing of the two effects
induced by the lattice contraction on the Mie’s frequency
is not expected with respect to the electron dynamics,
since the increase of the conduction-electron and ionic-
core densities results in both cases in an enlargement of
the screening of the Coulomb interaction, and thus of the
thermalization time. Within the model described in refer-
ence [20] the size-dependence of the electronic thermal-
ization time τth(R) has been calculated in taking into
account the lattice contraction, namely the changes of
the electron density and of the ionic-core dielectric func-
tion. The numerical density surface profile obtained from
self-consistent TDLDA ground-state calculations has been
used throughout this study. For each model calculation,
the absolute values of the calculated τth(R) have been set
in order to reproduce the experimental measurement on
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Fig. 4. The size-evolution of the electron thermalization time
τth(R) in silver clusters, in taking into account the effects of
lattice contraction, except for the lower dashed line curve (d =
3 a.u., no lattice shrinkage), within the two-region dielectric
model. Black circles: experimental data [20]. Lower thick full
line curve: thickness of the surface skin of vanishing ionic-core
polarizability d = 3 a.u. Thin full line curve: d = 2 a.u. Upper
dashed line curve: d = 0 (no skin of reduced polarizability).
The upper full line curve shows the result of the classical model
(step-walled electron density and d = 0).

a silver film [44]. The results are displayed in Figure 4,
for d = 0 (no skin of vanishing ionic-core polarizability;
upper dashed curve), d = 2 a.u. (thin full line curve) and
d = 3 a.u. (thick full line curve), and compared with the
results obtained for d = 3 a.u. when no lattice contraction
is involved (lower dashed curve). We can see that the lat-
tice shrinkage, which is in fact noticeable only for small
particle radii, has a poor influence on the electron dynam-
ics over the entire size range. These results confirm that,
in small silver particles, the enlargement of the spatially-
averaged scattering rate stems from the smooth decrease
of the electron density at the surface and the skin of re-
duced ionic-core polarizability. The upper full line curve
in Figure 4 shows the results of the classical model (step-
walled electron density) in taking into account the lattice
contraction, for d = 0. Obviously the classical model pre-
dicts an increase of the thermalization time as the particle
radius is reduced.

4 Conclusion

Quantum TDLDA calculations have been carried out to
study the influence of lattice contraction on the optical
properties and the electron dynamics in silver clusters.

The increase of the conduction-electron and ionic-core
densities leads to opposite size trends with regard to the
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size-evolution of the surface plasmon frequency. The size-
dependent enlargement of the dielectric function εc(ω)
corresponding to the ionic cores results in a red-shift trend
which balances almost perfectly the blue-shift trend re-
sulting from the increase of the conduction-electron den-
sity. The calculations lead to a slight red-shift trend for
decreasing cluster size, attributable mainly to the spillout
effect. Agreement with the blue-shift trend observed in
experiment can be only achieved by introducing the inner
surface skin of reduced polarizability, as it was assumed
in previous works. The skin-thickness parameter d, esti-
mated in taking into account the lattice contraction to be
of the order of 3 a.u., is scarcely modified relative to the
previous estimation [15].

With regard to the electron dynamics, a more effi-
cient screening of the Coulomb interaction results from
the increase of both the conduction-electron and ionic-core
densities. However the induced decrease of the electron-
electron scattering rate is relatively small and does not
correspond to the observed increase of this rate. In fact the
effect of the lattice contraction in small particles does not
affect strongly the electronic thermalization time, the size
dependence of which is determined by both the smooth
decrease of the electron density at the surface and the
skin of vanishing ionic-core polarizability.
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