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Bulk-like electron–phonon coupling in small free sodium clusters
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Abstract

Free size selected Nan
+ (n = 16–250) clusters have been studied by femtosecond pump-probe photoelectron and photofragmentation spectroscopy.

Thermionic electron emission was used to monitor the cooling of the hot electron gas by energy transfer to the ionic background. The results can
be well described by the so-called two-temperature model; even for the smallest size no deviation from such bulk-like, continuum model behavior
has been observed. Using this theoretical approach we are able to retrieve the electron–phonon coupling constant as a function of the cluster size.
In the studied size range the resulting values can be described by the radius dependent function g(R) = (2.3 + 114 Å2/R2) × 1016 W/m3K.
© 2006 Elsevier B.V. All rights reserved.
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. Introduction

Understanding the physical properties of metallic clusters has
ecome an active field of research because of their importance
oth for fundamental science [1,2] as well as nanotechnology
pplications [3,4]. Indeed, finite size effects in such systems con-
er to them properties that can be very different to those of the
ulk. One of the still rather open question is the influence of the
nite size on electron relaxation processes like electron–electron
nd electron–phonon interaction. Especially the latter has been
tudied in detail for large particles and surfaces. This was mainly
one by pump-probe absorption spectroscopy [5–8], but sec-
nd harmonic generation [9] and electron emission was used
s well [10,11]. In all of these studies a similar behavior was
ound. Absorption of energy from an ultrashort pump laser
ulse produces a number of excited electrons; due to the strong
lectron–electron interaction the energy is redistributed within
he electronic system, so that after a short time (�500 fs) the
istribution of excitation energies relaxes into a thermal distribu-
ion. This situation can be described as quasi-decoupled partial
quilibrium, with a thermalized high temperature electron gas

both systems due to electron–phonon coupling takes place on a
much longer timescale (with decay times of 1–2 ps). So only
after several picoseconds electron gas and ionic system finally
are in thermal equilibrium again; the corresponding tempera-
ture is in general much lower than the intermediate maximum
temperature of the electron gas, because of the much lower heat
capacity of the electron system as compared to that of the lattice.

In experiments on metal particles some size dependence was
found in the size range from 2 to 100 nm [12,8,5]. This could
be explained by the influence of the particle surface, which
should get stronger with decreasing particle size. A surface can
change the coupling between bulk phonons and electrons due to
modified electronic screening [12]; secondly vibrational surface
modes exist which exhibit a stronger coupling to electronic exci-
tations [13]. No experiments on medium sized clusters (with a
few ten up to a few hundred atoms) have been done yet. Nev-
ertheless this is a very interesting size range, as here a strong
influence of the discretized density of states can be expected.
Naively termed, simple electron relaxation by single phonon
creation gets impossible if the average electron energy level
spacing is larger than the Debye frequency, which is the case
nd a low temperature ionic system. The energy transfer between
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for simple metal particles with less than about 300 atoms.
We have now studied electron–phonon coupling in exactly

this size regime. In order to monitor the time dependent elec-
tron gas temperature in these systems we make use of thermal
electron emission. This effect, which has been discovered by F.
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Guthrie in 1873, is usually observed for very hot metals, where
lattice and electron system are in perfect thermal equilibrium.
It has been observed as well in the case of clusters, for exam-
ple for transition metal clusters [14,15] or C60 [16]. It cannot
be observed, however, for weakly bound systems like sodium
clusters. Such clusters undergo fragmentation at temperatures
which are much lower than those necessary for thermal electron
emission. Nevertheless thermal electron emission is possible in
nonequilibrium situations. As we have recently shown [17,18],
by excitation with an ultrashort laser pulse the electron gas in a
sodium cluster can easily be heated to several thousand Kelvin,
which leads to electron emission rates of several electrons per
picosecond. Therefore one or more electrons can be emitted
before the electron gas cools down again by electron–phonon
energy transfer. The same type of nonequilibrium electron emis-
sion from a hot electron gas has been studied in detail for the
case of C60 [19,20]. As we will show below, this thermal electron
emission is very well suited to measure the electron gas cooling
rate in a free cluster.

We have studied sodium clusters, as sodium is the best rep-
resentative of a free electron metal and most easy to treat for
theory. So for example for sodium no influence of d-band elec-
trons on the electron–electron and electron–phonon interaction
has to be taken into account, in contrast to the case of noble
metals [7]. Moreover sodium clusters can be efficiently excited
by the standard ultrafast laser photon energy of 3.1 eV, as this
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to 400 nm, 200 fs pulses by second harmonic generation in a
2 mm thick BBO crystal (energy per pulse � 500 �J). The pulses
are split to collinear pump and probe pulses with defined delay
time in a Michelson interferometer setup, one arm of which has
a variable (and computer controlled) length. A halfwave plate
in one of the arms serves to cross-polarize the pulses in order
to avoid interference effects for zero delay. In the photoelec-
tron spectrometer the laser beam is collimated by a couple of
apertures to a flat top profile with a diameter of 2 mm before
it crosses the focused and decelerated ion beam. In the case of
photofragmentation measurements the laser beam is collimated
by a single aperture to 5 mm diameter. The experimental setup
allows us to measure either photoelectron or photofragment dis-
tributions as a function of the delay between the pump and the
probe laser pulse. The intensity of the laser pulses are usually
adjusted to obtain roughly a 50% ionization probability of the
irradiated clusters for zero delay time; this requires, depending
on the absorption cross sections of the clusters, peak intensities
of 1–10 × 109 W/cm2.

3. Results and discussion

Pump-probe photoelectron spectra have been measured on
Nan

+ with n = 16, 46, 70, 93, 139 and 250. These sizes were
chosen in order to both cover a broad size range and to have
a selection of electronically closed shell sizes (93 and 139),
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nergy is close to the strong plasmon resonance of the clusters at
bout 2.7 eV [21]. So here high excitations can be obtained with
elatively weak laser fields (≤1010 W/cm2), which means that
o strong field effects like field induced tunneling or ionization
y recollision events have to be taken into account.

The article is organized as follows: in the first part, we will
escribe the experimental setup. Then we will present the exper-
mental results and discuss them in the context of a theoretical

odel; in the last part we will finally summarize and present
ome perspectives to this work.

. Experimental techniques

The experimental setup is the same as used in earlier studies
17]. Positively charged sodium clusters of about 200 K temper-
ture are produced in a gas aggregation cluster ion source and
ass selected by a double reflectron time-of-flight mass spec-

rometer. Two types of spectroscopy can be applied to the mass
elected clusters: (a) they can be irradiated by a laser pulse in an
nteraction region before the second reflector, which then serves
s a mass analyzer and is used to measure size and charges
f the photofragments produced; (b) they can be irradiated in
he interaction region of a magnetic bottle type photoelectron
pectrometer; in this case the kinetic energy distribution of the
mitted electrons is measured.

In order to measure the time evolution of the energy relax-
tion in the clusters we have used a standard pump-probe setup.
ltrafast pulses delivered by a Ti:sapphire oscillator seed a

egenerative and a multipass amplifier, which leads to 120 fs
ulses at 800 nm with a repetition rate of 30 Hz. To match the
lasmon resonance of sodium clusters, the pulses get converted
lmost closed shell sizes (46 and 70) and open shell ones (16
nd 250). The kinetic energy distributions obtained in the pump-
robe experiments were similar to those measured with single
ulse excitation, which have been discussed in detail in previ-
us publications [17,18]. In all cases purely exponential energy
istributions were obtained. The mean kinetic energy of the
lectrons exhibits an only weak dependence on the pump-probe
elay time; the difference in mean energy between zero delay
nd large delay times is typically less than 10% under the exper-
mental conditions used. The main pump-probe effect is seen in
he total electron intensity. This is demonstrated in Fig. 1, where
e present the electron intensity obtained for size selected Na16

+

Fig. 1a) and Na139
+ (Fig. 1b) as a function of the delay time

etween the pump and the probe pulse. The two cluster sizes (as
ell as all other sizes studied) exhibit a similar behavior: max-

mum electron emission is reached for zero delay between the
ump and the probe; with increasing delay the signal decreases,
ntil it reaches a constant value which is approximately twice the
ntensity produced by the interaction of a single pulse with the
luster. The decrease is symmetrical with respect to zero delay
ecause the pump and the probe are identical except for their
olarization direction. In order to get an estimate of the time
cales involved, the pump-probe curves have been fitted with a
imple exponential decay function:

(�t) = A

(
(β − 1) exp

(
−|�t|

τ

)
+ 1

)
(1)

Typical values for the decay times of 2 ps were obtained. So
hat is the physical process responsible for this type of tempo-

al behavior? A statement one can make immediately is that the
lectron emission we are seeing is not produced by direct mul-
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Fig. 1. Photoelectron intensity emitted from Na16
+ (a) and Na139

+ (b) irradiated
by 2 fs laser pulses (400 nm, 200 fs) as a function of the delay time between the
pulses. The data points have been fitted with simple exponential decay curves
(fitting parameters are given) as well as with simulation results as described in
the text.

tiphoton ionization of the clusters, which has been discussed as
a possible process for sodium clusters in this kind of laser fields
[22]. A pump-probe measurement of nonresonant multiphoton
ionization should just reflect the field enhancement in the case
of pump-probe pulse overlap; the corresponding pump-probe
curve should therefore simply be the (second or higher order)
autocorrelation curve of the laser pulse, that is a gaussian with
a width of less than 200 fs. Multiphoton ionization via interme-
diate states should reflect the lifetimes of this states. Both the
collective plasmon excitation, which is excited at the wavelength
used, as well as the single electron excited states produced by
the plasmon decay (which therefore have the same energy of
≈3.1 eV), should have lifetimes of less than 100 fs [9,23]. So
this cannot explain the observed decay times. Obviously another
mechanism plays a role here. As we have discussed previously
[17,18], the observed electron intensity and the kinetic energy
distributions can be very well explained by thermal electron
emission from a hot electron gas, which is only weakly coupled
to the vibrational modes of the ionic background. This weak
coupling is responsible for the observed temporal behavior as
well, as is sketched in Fig. 2. In the pump-probe experiment the
cluster is irradiated by two laser pulses of equal intensity, from
each of which it absorbs a couple of photons. The intensity of
the pulses has been chosen such that the energy absorbed from
a single pulse (or from two pulses with a large delay time) leads
only to temperatures for which thermal electron emission still
i
o

Fig. 2. Schematic of the pump-probe experiment. The electronic system is
heated by two laser pulses with variable delay times; delays shorter than the
electron gas cooling time lead to enhanced thermal electron emission.

system, the energy of the electrons will be higher and due to the
strongly nonlinear energy dependence of the emission rate (see
Fig. 5) one will observe a strongly enhanced electron emission.
Measuring the electron intensity as a function of the delay time
between the pulses therefore allows one to directly monitor the
energy flow out of the electronic system, that is the electron gas
cooling by electron–phonon interaction.

If this is true, another effect should be present. As is
well known from femtosecond absorption experiments on
metallic nanoparticles [6,8], the characteristic time of the
electron–phonon thermalization depends on the electronic tem-
perature (that is on the total amount of energy deposited in the
system), because of the temperature dependence of the electronic
heat capacity. This is indeed the case in our experiment, as one
can see in Fig. 3, where we have plotted the normalized electron
intensity emitted by Na93

+ clusters for different laser intensi-
ties. One can clearly observe different decay times for different
degrees of excitation (1.3 and 2.7 ps for 1.6 and 2.9 GW/cm2

intensity per laser pulse).

s weak. If, however, the second pulse hits the cluster before all
f the energy absorbed from the first one has left the electron
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Fig. 3. Pump-probe photoelectron intensity emitted from Na93
+ for two laser

intensities. The decay times as obtained from an exponential fit are given; the
fitting curves shown are again the result of a full simulation.

In order to check the thermal model quantitatively and
to extract the electron–phonon coupling strength from our
results, we have simulated the delay curves using the so-
called two-temperature model [24]. This model assumes that
one can define an electronic and an ionic temperature, which
means that the electron and phonon subsystems are each main-
tained in a thermalized state by electron–electron (coulom-
bic) and phonon–phonon (anharmonic) interaction, while the
electron–phonon coupling is weak. The exchange of energy
between the hot electron gas and the cold lattice is assumed to be
proportional to the temperature difference between the two sub-
systems. The time dependence of the respective temperatures is
hence given by the following two coupled differential equations:

ce(Te)Ṫe = −g(Te − Ti) + hυ
∑

n

∂(t − tn) (2)

ciṪi = g(Te − Ti) (3)

Here Te and Ti are the temperatures of the electronic and ionic
sub-system, Ce (T) and Ci their respective heat capacities, g
is the electron–phonon coupling constant and the last term on
the right-hand side in the first equation accounts for the energy
increase of the electron gas by photon absorption. For the ions the
heat capacity is taken to be the Dulong Petit value (Ci = 3NatkB),
whereas the value for the electron gas is calculated from the
temperature dependence of the energy of an ideal electron gas:

E

F
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n
N
t
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e

P

σ is the cluster absorption cross section and Φ(t) the laser inten-
sity modeled by two Gaussians with a width of 200 fs (τL = 85 fs)
and a delay time �t:

Φ(t) = Φ0

τL
√

2π

[
exp

−(t − t0)2

2τ2
L

+ exp
−(t − t0 − �t)2

2τ2
L

]
(6)

The product of the laser fluence and cluster absorption cross
section σ (the total energy absorbed) is used as a fitting parame-
ter, as will be discussed below. In order to describe the thermal
electron emission, that is the total electron intensity and the cor-
responding kinetic energy distributions, we use the statistical
theory first proposed by Weisskopf [25]. In this model, the elec-
tron emission rate is given by (adopted from [26]):

k(E, ε) = 2meσ(ε)

π2h̄3 ε
ρ(E − φ − ε)

ρ(E)
(7)

Here E is the (time dependent) inner energy of the system, ε the
kinetic energy of the electrons, me the electron mass, and φ is
the ionization potential. The factor 2 accounts for spin degener-
acy. σ(ε) = πr2

0(1 + (Z + 1)e2/4πε0r0ε) is the classical capture
cross section, where e is the electron charge and Z is the clus-
ter charge before ionization (the image charge is neglected).
For the calculation of r0, the bulk density of sodium was used
(r0 = 3

√
Nat × 2.1 Å ). The multiparticle level density ρ(E) is

given by:

ρ
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(T ) = 3Nel

2E
3/2
F

∫ ∞

0
E3/2

(
exp

(
E − µ

kBT
+ 1

)−1
)

dE (4)

or the Fermi energy the bulk value EF = 3.1 eV is used; the
hemical potential µ is determined by the condition that the
umber of occupied states must be equal to the electron number
el. In order to fully describe the pump-probe signal, one has to

ake into account the photon statistics. Each photon absorption
ncreases the energy of the electron system. The absorption times
n are assumed to obey classical statistics; that is the conditional
robability for a photon absorption at a time tn after a preceding
vent at tn−1 is given by:

(tn|tn−1) = σΦ(tn) exp

(
−
∫ tn

tn−1

σΦ(t)dt

)
(5)
(E) ∝ exp

⎛
⎝2

√
π2

6
g(EF)E

⎞
⎠ (8)

ith g(EF) being the free electron gas single particle level density
t the Fermi energy:

(EF) = 3Nel

2EF
(9)

One can now calculate the time-dependent total emission rate
or the different charge states simply by integrating over the
inetic energy:

i(t) =
∫ Ei(t)−φi

0

2meσ(ε)

π2h̄3 ε
ρ(Ei(t) − φi − ε)

ρ(Ei(t))
dε (10)

ere Ei(t) is the time-dependent internal energy after emission
f (i − 1) electrons:

E1(t) = E(t)

E2(t) = E1(t) − φ1 − ε1

E3(t) = E2(t) − φ2 − ε2

...

here ϕi is the ionization potential of the ith charge state and
i the kinetic energy of the ith emitted electron. The ionization
otentials are calculated by using:

i = 2.75 eV+
(i + 0.35)e

4πε0(r0 + 1 Å )
(11)

hich is a fit to previous photoelectron spectroscopy results.
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Finally we obtain the following coupled differential equa-
tions for the occupation of the different charge states of the
cluster which for instance allow us to calculate the total electron
intensity as a function of the pump-probe delay:

d

dt
N1(t) = −N1(t)K1(t)

d

dt
N2(t) = N1(t)K1(t) − N2(t)K2(t)

d

dt
N3(t) = N2(t)K2(t) − N3(t)K3(t)

...

One parameter which has not been included in this simulation
is the spatial laser profile and a possible incomplete overlap of
pump and probe laser pulse. To test the importance of this con-
tribution, we have compared the results obtained with a constant
(rather flat top profile as in our experiment) and a gaussian pro-
file. The results show that although the total electron intensity
does depend on the spatial profile, the delay time dependence is
rather insensitive to it. Therefore it was not tried to measure the
beam profile in the interaction region and to include this in the
calculation.

By Monte Carlo integration of the differential equations (gen-
erating photon absorption and electron emission events as well as
the electron kinetic energies from random numbers), the number

of emitted electrons was calculated as a function of the pump-
probe delay time. The electron–phonon coupling constant was
varied until the simulated delay curves exhibited the same decay
times as the measured ones. The coupling constants obtained
in this way have nevertheless a large uncertainty. As has been
demonstrated above, the decay times not only depend on the cou-
pling constant, but on the excitation energy as well. It is therefore
important to know this excitation energy as precisely as possi-
ble. Unfortunately the absorption cross section of the excited
cluster is not known, so one cannot use the measured single
photon absorption cross section of the cold cluster together with
the measured laser fluence to calculate the number of absorbed
photons. One possibility to determine the excitation energy is a
fit of the measured electron kinetic energy distributions. This is
shown in Fig. 4. Here the spectra measured at zero pulse delay
time are presented for four different sizes. Using the formalism
explained above one can simulate these kinetic energy distribu-
tions as a function of the average excitation energy. Examples
of best fits (and the parameters used) are included in the graphs.
As mentioned already earlier [17], the simulated curves (like
the measured ones) are surprisingly perfect exponential curves,
although each curve is a superposition of different distributions,
because the electrons are emitted from clusters with a broad
range of temperatures and charge states.

However, although the measured curves can be fitted quite
well with the simulated ones, the uncertainty for the result-

F
s
m

ig. 4. Kinetic energy distribution of electrons emitted from size selected sodium clu
pectra have been fitted with simulated kinetic energy distributions (bold solid line).
ean kinetic energy obtained.
sters at zero pump-probe delay time (single 200 fs laser pulse excitation). The
Average excitation energies as used in the simulations are given as well as the
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Fig. 5. (a) Simulated total photoelectron intensity as a function of the average energy E0 absorbed from a single 200 fs pulse for Na93
+. (b) Pump-probe contrast β

as a function of E0 deduced from total electron emission curves as shown in (a), for three different cluster sizes.

ing excitation energy stays rather large, as in fact the average
kinetic energy exhibits a rather weak dependence on the degree
of excitation [17]. It turns out that the pump probe contrast, the
ratio β of electron intensities at zero delay and very large delay
times (β = I(0)/I(∞)), exhibits a much stronger dependence on
the excitation energy than the mean kinetic energies of the elec-
trons. In order to evaluate it we have calculated the electron
intensity as a function of the excitation energy for the case of
single pulse excitation, again with the methods given above. The
result of this calculation for Na93

+ is presented in Fig. 5a. This
curve is similar to the one published earlier [17]; it is only some-
what broader, as here the photon absorption statistics have been
taken into account, which means that the excitation energy given
is the energy absorbed on average. Starting from this curve we
are able to estimate the excitation energy dependence of β, which
is approximately given by β = I(2E0)/2I(E0). Fig. 5b presents the
variation of β with E0; from this and the experimental value of β

we can deduce the average excitation energy. This approach has
been repeated for each cluster size; it yields excitation energies
rather close to those obtained from the electron kinetic energy
distributions, but with a smaller uncertainty. It actually turns out
that the excitation energies obtained from β consistently tend to
be 10–15% lower than those obtained from the kinetic energy
distributions, which might be due to a slight systematic error
of the evaluation of the latter due to the probably oversimpli-
fied density of states used (the multiparticle electron density of
s
e
m
t

c
i

t
c
e
t
t
c

excited small system it is difficult to say how good the two major
approximations of the model are. These are using the geomet-
rical cluster cross section as the electron capture cross section
and using the multiparticle density of states of a finite electron
gas to describe the electron system of the cluster. We have done
a couple of tests with modified cross sections and density of
states, which turned out not to have a decisive influence; never-
theless an at least partly independent test of the whole model is
highly desirable. For this reason we have done a second exper-
iment, a “microcaloric” determination of the electron–phonon
coupling constant. As has been demonstrated earlier, one can use
the modulation visible in photofragment distributions of sodium
clusters to determine their internal energy as well as the num-
ber of photons they have absorbed during the excitation [27].
This works not only for singly charged fragments, but for dou-
bly charged ones as well. This is demonstrated in Fig. 7, where
mass spectra of doubly charged fragments produced from Na93

+

by irradiation with a 400 nm femtosecond laser pulse are shown.
The clusters were thermalized to 220 K before irradiation, due
to which they have a very narrow energy distribution. At such
a temperature a 93 atom cluster needs to absorb an energy of
about 8.5 eV in order to evaporate at least one atom on the time
scale of the experiment. More absorbed energy leads to evap-
oration of more atoms; as the binding energy of one atom is

F
(
f

tates has quite an influence on the energy distribution of the
lectrons, but not so much on the total emission rate – this again
akes the pump-probe contrast the preferred value to deduce

he excitation energy from).
With this approach we have determined the electron–phonon

oupling constants for all sizes studied. The results are presented
n Fig. 6.

Although the procedure described above seems to be consis-
ent, one has to keep in mind that the resulting values for the
oupling constant are only as good as the determined excitation
nergies are. Their determination of course strongly relies on
he correctness of the Weisskopf model for the description of
he electron emission. Even if one does not question the appli-
ability of a statistical model for ultrafast processes in a highly
ig. 6. Electron–phonon coupling constant as a function of the cluster radius
points with error bars). The solid line represents a fit with a tentative fitting
unction.
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Fig. 7. (a) Mass spectrum of doubly charged photofragments produced from
Na93

+ irradiated by a single fs laser pulse (400 nm, 200 fs); (b) Photofragment
intensities (of Na90

++/Na91
++ (circles) and Na87

++/Na88
++ (squares)) as a func-

tion of the pump-probe pulse delay time.

about 1 eV, for each photon of 3.1 eV about three atoms are
emitted. In the case of femtosecond irradiation now the heat-
ing of the electron gas can lead to the emission of an electron,
which lowers the internal energy of the cluster by the ioniza-
tion potential (4.6 eV for Na93

+) and the kinetic energy of the
emitted electron (here about 0.4 eV on average). The remain-
ing energy is transferred to the lattice and causes the observed
atom evaporation. One can therefore identify the first fragment
group (sizes Na90

++/Na91
++) as being produced from clusters

which have absorbed exactly five photons during the excita-
tion, whereas the second group (Na87

++/Na88
++) results from

the absorption of six photons. So the intensities of these dou-
bly charged fragments indicate the electron emission probability
after the absorption of a very well defined amount of energy.
Measuring these intensities in a pump-probe experiment as a
function of the delay time between the laser pulses yields similar
curves as the measurements of the total electron intensity. They
can be fitted in the same way, with the one important difference
that here only one free parameter is used, the electron–phonon
coupling constant. In Fig. 7 two pump-probe curves are shown,
for five and six photon absorption, respectively. One can see
that the decay times are shorter than for the results presented
in Figs. 1 and 3; this is due to the fact that in the electron
emission measurements the average excitation is stronger (for
Na93

+, e.g., the fits give absorbed photon numbers between 7 and
10). Accordingly the six photon curve exhibits a slower decay
t
d

just the results for the specified number of photons absorbed)
an electron–phonon coupling constant of 3.5 × 1016 W/m3K is
obtained, which is very close to the values obtained from the
electron intensity measurements. This agreement gives strong
evidence that the modeling used is indeed adequate. One remark
should be added with respect to the “microcaloric” measurement
technique. In principle it is superior to the measurement of the
ensemble averaged photoelectron spectra, but it is applicable
only to a limited size range; for too small clusters (less than
about 30 atoms) the doubly charged fragments are not stable,
but undergo fission. For larger clusters (more than 200 atoms)
the atom evaporation statistics broaden the fragment groups to
such an extent that single groups cannot be identified anymore.
The pump-probe measurement of electron spectra, on the other
hand, can be applied to any cluster size, and is therefore more
versatile.

We come now back to the results presented in Fig. 6. One
can see that the coupling constant decreases with the cluster
radius. To our knowledge no rigorous theoretical prediction
for the analytical form of the size dependence exists yet. It
has been shown that electron-surface–phonon coupling exhibits
a predominant 1/R and a weaker 1/R2 dependence [13] (R
being the cluster radius); the correct adding of surface and
bulk terms, however, is still under debate [12]. Here we sim-
ply rely on the fact that for large sizes the coupling constant
must converge to the bulk value, and tentatively use the fitting
f

g
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han the five photon one. Fitting these curves with the model
escribed above (doing a Monte Carlo simulation, but keeping
unction:

= gB + a/R2 (12)

itting our results with this formula yield values of gB �
.3 × 1016 W/m3K and a � 110 Å

2
W/m3K (see Fig. 6). To

ur knowledge no measurement of the electron–phonon cou-
ling constant for bulk sodium exists which this values could
e compared to. Nevertheless an estimate of the constant can be
alculated from the electron–phonon spectral function α2F(ω)
28]:

B = 6h̄

πk2
b

γ

∫ ∞

0
α2F (ω)ω dω (13)

he spectral function can be obtained from measured (or cal-
ulated) point contact spectra of sodium [29], which gives
∞

0 α2F (ω)ω dω = 1.2 × 1025 s−2. Using the measured bulk
alue for the electronic heat capacity (γ = 1.38 × 10−3 J/mol K2)
30], one can then calculate the electron–phonon coupling con-
tant, which gives gB = 1.0 × 1016 W/m3K. This value is only
factor of two smaller than the one obtained by extrapolation

f our results; given all uncertainties of both our data and the
experimental” bulk value this is a rather good agreement. So
lthough the experiments are done on very small systems, and in
n extremely high excitation regime (with pump pulse induced
ntermediate electronic temperatures of up to 7500 K and lat-
ice temperatures of up to 1100 K) an electron lattice energy
ransfer is observed which is not very different from that of
he bulk, and probably converges smoothly to it with increasing
ize (and decreasing excitation strength). One reason why the
mallness of the systems does not lead to dramatically differ-
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ent behavior might actually be the high temperatures involved,
which can completely mask the discreteness of the density of
states. This can be seen by a rough estimate: at an excitation
energy of 6.2 eV (absorption of two photons) even the smallest
cluster studied, Na16

+, has a multiparticle density of states of

ρtot(E) � ρtot(0) exp
(√

π2NelE/EF

)
� 107 eV−1, which can

be considered as a quasi-continuum and certainly allows energy
relaxation in steps of the small phonon energies. One should
note, however, that this requires the relaxation of multiparti-
cle states. So here electron–phonon coupling has to be seen as
the transition from one correlated all electron state to a lower
lying, vibrationally more excited one, instead of a single phonon
creation connected with the simple transition of one electron
from one single particle level to another one, which is the usual
model applied in the bulk case. At much lower excitation ener-
gies the discreteness even of the multiparticle density of states
should nevertheless influence the electron–phonon interaction.
This will be studied in future experiments.

Finally we would like to come back to the issue of direct elec-
tron emission, that is electron emission via a multiply excited
plasmon, as postulated in [31] and treated by several theoretical
studies [32,22,33]. Such a direct emission should have a different
energy distribution (nonthermal in any case [22], but possibly
structured as well [34,33]), and a different temporal behavior
(strongly peaked pump-probe curve due to the very short life-
t
n
p
o
o
p
m
t
l
t
h
t
u
s
f
f
T
w
a
i
l
≈

4

p
t
(
i
t

photofragments for Na93
+. The results can be described in the

framework of the two-temperature model, coupled to the statis-
tical formalism of Weisskopf, which allowed us to deduce the
electron–phonon coupling constants of the clusters. The values
obtained are on the order of 4 × 1016 W/m3K and decrease with
increasing cluster radius.

Extrapolation of the results yields an estimate for the bulk
electron–phonon coupling constant of sodium: gB � 2.3 ± 1 ×
1016 W/m3K.
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