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The influence of the classical vibration of the nuclei on the visible absorption spectrum of the Na, cluster is investigated. The
classical motion on the ground state potential energy surface at a given temperature is obtained from a Metropolis Monte Carlo
simulation. This dynamical process makes possible a theoretical determination of the widths of the structures in the absorption
spectra. The absorption spectrum is integrated from ab initio CI calculations of excited states and oscillator strengths along the
random trajectory. A first simulation was achieved at T'=150 K using an ab initio CI determination of the ground and the excited
states. The efficiency of the Metropolis process is improved with the use of an approximate representation for the ground state.
Simulations are performed for several temperatures 7= 50, 150, and 500 K. The simulated spectra are discussed in relationship

with the experimental spectrum of Kappes et al.

1. Introduction

The experimental determination of the geometri-
cal structure of clusters from spectroscopic data is not
straightforward. However, in the case of small alkali
clusters, ESR techniques have been applied to the tri-
mer [1] and the heptamer [2] trapped in argon ma-
trices, and have indirectly shown the pentagonal
symmetry of Na,. More recently, it has been shown
that the study of photoabsorption spectra is also an
attractive way to get information about the geome-
tries. Photodepletion spectroscopy is the most cur-
rently applied technique to neutral or ionic clusters
[3-5]. It allows one to access a wide range of excited
states. Due to the probable dissociative character
(directly or indirectly) of the excited states of alkali
clusters for n> 4, most of the work using the laser in-
duced fluorescence (LIF) [6] or the multiphoton
ionisation (MPI) [7] techniques concerns trimers.
In recent years, Bonacic-Koutecky, Fantucci and
Koutecky (BKFK) have compared ab initio vertical
spectra (calculated at the CI level) with depletion
spectra in the case of small neutral or ionic alkali
clusters [1,8-13], and have underlined the corre-
spondence between the nuclei positions and the elec-
tronic structure {14].

The link between geometrical structure and ab-

sorption spectra is however not always straightfor-
ward. In order to point out the difficulties of the
structural assignment of the depletion spectra, let us
look at the results of BKFK for Na, (n=5-8) [9-
11]. The depletion spectra of Nas; and Na, are as-
signed to the planar C,, shape and the Dy, penta-
gonal bipyramid respectively {9]. In the case of Nag,
three low energy isomers are in competition [9]. The
lowest one is a pentagonal pyramid (C,,), quaside-
generate with a planar D5, geometry. The third struc-
ture has higher energy, and is built around a tetrahe-
dron core. It has been shown to be the most stable
isomer in the case of Lis. Although the experimental
spectrum is close to the vertical one of the planar D5,
structure, the pentagonal pyramid leads to a theoret-
ical spectrum which is not so different. The ambigu-
ity is even more remarkable in the case of Nag. BKFK
have considered three distinct structures [10,11]. The
lowest one is a fully capped tetrahedron with T, sym-
metry, and has a near spherical shape, in agreement
with the predictions of the jellium model. The two
other structures are not minima at the Hartree-Fock
(HF) level, their optimisation by a steepest descent
algorithm yielding to the T4 geometry. Nevertheless,
they represent equilibrium structures in the frame-
work of the density functional theory (DFT). The
first one is a distorted piece of the fcc lattice (D,q),
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and the second one is a square antiprism with Dy
symmetry. The T4 and D,4 structures exhibit domi-
nant features at ~ 2.5 eV, while the most intense peak
in the case of the D44 geometry is located at ~2.7 eV.
However, the agreement of the calculated spectrum
of the latter with the depletion spectrum is as good as
for T4 and D,4 structures.

One can notice that the broadening of the absorp-
tion bands is correlated to the interaction between
electronic levels and the vibrational motion of the
nuclei. We suggest that the ambiguity in the interpre-
tation of spectroscopic data should be removed by
taking into account the vibration of the nuclei around
their equilibrium position. We have studied the in-
fluence of the nuclei motion in the ground state on
the theoretical spectrum in the case of Na4 by the ap-
plication of a Monte Carlo Metropolis algorithm.,

2. Computational aspects
2.1. Monte Carlo algorithm

The motion of the nuclei on the ground state po-
tential energy surface is treated via a Monte Carlo
(MC) process [15]. The initial geometry is the D,y
rhombus in its equilibrium geometry (long diagonal
=12.4 bohr; short diagonal = 6.0 bohr). A ran-
domly chosen atom 7 is displaced with a small am-
plitude along one of the three principal axes (Ag,=0.1
bohr; g,=x, or y, or z, also chosen randomly). The
new configuration is accepted or rejected according
to the Metropolis criterion{16]. The probability of
jump from the initial configuration (with energy
E§?) to the new one (of energy E§+?)) is given by
(O refers to the electronic ground state and (i) to the
MC iteration)

L, ifEF*Y —E§ <0,

i+1) _ ()
exp(— 1—58———@6——)-), fEF*Y —E>0.
ksT

From a practical point of view, when
E§*V)—E§) >0, a random number v is compared
10 exp(— AE/kgT). The new configuration is ac-
cepted if v <exp(—AE/kgT).

The use of classical dynamics (or equivalently of a

Metropolis sampling) instead of a quantum treat-
ment for the vibrational motion is certainly ques-
tionable in the vicinity of the zero point vibration. In
fact, we have calculated in a different work (using a
monoelectronic Hamiltonian ) the six harmonic fre-
quencies of the rhombus, which are found to be 149.5,
134.9, 98.6, 94.5, 77.1, and 26.2 cm™! respectively.
Thus, the vibrational zero point energy is located at
290 cm~! above the minimum of the potential en-
ergy surface. This energy corresponds to an estimate
of the temperature (from the classical kinetic equiv-
alence) of ~ 35 K which may affect the results in the
limit of low temperature. In any case, no classical
simulation should be performed lower than 35 K.

Whenever a configuration is accepted, the energies
of the excited states are computed as well as the os-
cillator strengths corresponding to the optically al-
lowed vertical excitations from the ground state to
those excited states. The energies of the ground
(E§+D) and excited states (E$*1?) are given by an
ab initio calculation (the computational details are
given in section 2.2). A histogram is built from the
integration of the transition energies ¢ =E{) —
E§" and the corresponding oscillator strengths f
along the random trajectory. The total energy range
A=[0, 3.5 eV] is divided into small intervals A, =
[€ €x+8€] (with 8e==0.1 eV). If a transition energy
€ belongs to A, the corresponding oscillator
strength f & is summed out in the interval. The in-
tensity I in a given interval A, is given by

2, (D)

£ = 3 5B | IRV > 1k

. m

. [P
dim =10t 3¢ )’

where e and u are the charge and the mass of an elec-
tron respectively and d is the Kronecker symbol.

After a few iterations, the plot of the histogram
provides a temperature-dependent spectrum instead
of vertical lines. In the following sections, histograms
are plotted using linear interpolation.

2.2. Ab initio calculation

The effects of the core electrons are treated through
the pseudopotentials of Durand and Barthelat [17],



R. Poteau et al. / Chemical Physics 175 (1993) 289-297 291

corrected by an /-dependent core-polarisation poten-
tial (CPP) [18].

In usual ab initio calculations, the molecular orbit-
als are traditionally constructed from the atomic or-
bitals (LCAO, linear combination of atomic orbit-
als) which are described with Gaussian functions.
This yields to a linear increase of the basis with clus-
ter size. This linear dependence may be reduced if
one refers to the physical content of the spherical jel-
lium model often used to describe metal clusters. In-
deed, in this model, the nuclei are replaced by a uni-
form positively charged background. The resolution
of the corresponding Hamiltonian yields spherical-
type orbitals [19]. We have taken our inspiration
from these results in order to describe alkali clusters,
and we have used a basis set (see table 1) centered
on a fictitious site located at the center of mass of the
cluster. Moreover, two s Gaussian functions are cen-
tered on each atom in order to properly account for
the local contributions of the wavefunction. Notice
that this kind of basis is relevant for geometries not
too far from compactness.

Concerning the CPP correction, the core polarisa-
bility of sodium « is taken from ref. [20] (a=0.995
a3). The cut-off radii have been determined in order
to reproduce the energies of the lowest atomic states

Table 1

Exponents and coefficients of the Gaussian functions used in this
work. The exponents for the sodium are taken from ref. [21].
The two s functions result from a (3, 2) contraction

Type Sodium Center of mass site

exponent coeff. exponent coeff.

s 2.835670
0.493184
0.072085

0.007012 0.070
—0.186763 0.028

0.348672 0.011
0.039063 0.506590 0.004
0.019274 0.249458

P 0.056
0.023
0.009
0.004

d 0.040
0.016
0.0065
0.0025

— st st

et et s

in each symmetry, namely 3s, 3p, 3d. These radii are
given in table 2.

The wavefunction is mainly built on singly excited
determinants. Indeed, Bonacic-Koutecky et al. have
shown that the transition energies and the associated
oscillator strengths corresponding to the optically al-
lowed electronic excitations from the ground state of
the rhombus shape of Na, can be, at least qualita-
tively, essentially described by linear combinations
of monoelectronic excitations [8]. Nevertheless, we
have verified that, in order to compute the correla-
tion energy, a variational space which only contains
single excitations does not yield satisfactory quanti-
tative transition energies. We have checked with the
MRCI-CIPSI method [22] that the inclusion of dou-
bly excited determinants in the variational space im-
proves the values of both transition energies and os-
cillator strengths. However, the calculation of the
energy in a Monte Carlo process should be straight-
forward. This is not the case with the usual CIPSI
method, where the variational space is built itera-
tively. It would indeed involve a search for the dom-
inant determinants for each MC geometry, and would
result in a rather complex procedure.

We have consequently used a more straightfor-
ward method. All the singly and doubly excited de-
terminants with respect to the reference function (the
HF wavefunction y, of the Na, ground state) were
treated variationally (SDCI). The total energy of a
state m was computed as the sum of the mth root of
the SDCI diagonalisation and the perturbative en-
ergy corresponding to the contribution of all the tri-
ple and quadruple excited determinants with respect
to o [23]:

| <y |HIK) |2

’

E,=E 'S"D +
Ke{T,Q}

where S, D, T, Q, refer respectively to the singly, dou-
bly, triply, and quadruply excited determinants and

€n —€x

Table 2
ldependent cut-off radii of the core-polarisation potential {(a,)
! Pe
0 1.455
1 1.600
2 0.700
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«{S,D}

This of course does not completely ensure an equiv-
alent level of representation for the ground and ex-
cited states. A SDCI space generated from a multi-
reference space including ¥, and all single substitu-
tions shouid certainiy be more appropriaie, bui far
too CPU-time-consuming to be used in a simulation.
The oscillator strengths were computed with the SDCI

a 3%

wavefunctions.
2.3. Results for Na,

Well-to-well transition energies and equilibrium
distances for different states of the dimer obtained
with the \‘!s‘lpil»a'r 2s/atom) ) basis set are listed in
table 3, and compared to other theoretical and exper-
imental values. The equilibrium distance of the
ground state( 'Z;} ) is 5.95 bohr, slightly longer than
the experimental value [24] (5.82 bohr). The dis-
sociation energy (0.68 eV) is smaller than the exper-
imental value of Verma et al. [24] (0.74 eV). BKFK
found 0.703 eV in an all-electron-MRDCI calcula-
tion with a 7s4p1d per atom basis set also used for

the calenlation of the vertical spectrum of Na,. The

largest error of our values with respect to the experi-
mental ones when available is 0.13 bohr (X 'Z}) and
1100 cm —! (1) in the case of the equilibrium dis-
tances and the transition energies respectively. With
regard to the resuits of BKFK [8], these differences
are 0.20 bohr and 800 cm~".

3. Optical response of Na,
3.1. Static specirum

We have also checked the quality of this
(4s4p4d+2s/atom) basis set for the determination
of the vertical spectrum of the equilibrium structure
of Na, in the range 0-3.5 ¢V. We have checked the
stability of the results with a more extended central

basis sei {6s6p6d3f — see iabie 4), and have com-

pared both results with the experimental spectrum
and the data of BKFK.

The measured spectrum was obtained by the group
of Kappes [31]. They counted eight bands labelled
from A to H. BKFK have introduced three other la-
bels, namely E’, F’, and G’, which correspond to
smaii experimential peaks. We have assigned iwo sup-
plementary peaks, labelled E” and F” (see fig. 1a).

Tha SOF confiouration of the eround state of Na,

AKIU WD VWUGLADWIGLIVEL VI ULV paVeAite Sk VL 2

(*A,) is (1a21b3,). We have oomputed four excited
states in each of the three allowed symmetries
('Biy, 'Bay, 'Bs,). The results are given in table 5.
The excitation energies T lie in the range 1.5-3.5eV.
It appears that Na, is unsatisfactorily bound with re-
spect to the dissociation into two dimers. Indeed, the

A + e
dissociation energy is 0.17 eV, far from the value of

BKFK (0.41 eV). Nevertheless, as it was already the
case for Na,, this default of our central basis set seems
to have no influence on the transition energies (see
table 5). The energies of the ground and excited states
seem to be shifted by approximatively the same
amount. The maximum error of our transition ener-

2ea wrsans Lo avemadlosnmtal anne 1) 19 2V wlhila

SIUD il ViEW O Ul ulc CAPCLULICIILGL UHOUD 1Y V.14 VY, Wiy

itis 0.17 eV in the AE-MRDCI calculation of BKFK
[8].

Table 3
Equilibrium distances (4,) and weli-to-weil transition energies (10° cm~!) of some siates of Na,
State This work SCFE-CIPSI [25] SCF-MRDCT [8] Experiment

R, T, R, T. R, T. R, T.
X'z} 5.95 0 5.80 0 6.025 0 5.82% 0
x3z} 9.95 5.34 10.00 59 9.746 5.49
b3z} 7.20 18.12 7.10 18.4 7.464 18.25
AL} 6.95 14.61 6.80 14.7 7.070 14.81 6.879 14.68 ©
a’, 5.85 14.12 5.80 13.6 6.031 13.70 13.659
'L, 6.50 21.40 6.40 20.7 6.651 21.11 6.47° 20329
O Ref. [24]. M Ref. [26]. © Ref [27]. ® Ref. [28]. © Ref. [29]. © Ref. [30].
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Table 4
Exponents of the Gaussian functions centered on the fictitious
central site (6s6p6d3f)

s P d f
0.070 0.056 0.085 0.056
0.038 0.028 0.040 0.020
0.017 0.014 0.017 0.008
0.008 0.007 0.006

0.003 0.003 0.0025

0.0012 0.0012 0.0010

The vertical static spectra are plotted in fig. 1. Our
absorption features are roughly comparable to those
of BKFK. Nevertheless, one can identify mainly two
discrepancies between the latter and our spectrum
obtained in the 4s4p4d basis set (fig. 1b):

(i) BKFK [8] have identified the transition to-
wards 2 !B,, as the small peak E’ located at the bot-
tom of the intense band E, leading to the fact that the
latter should correspond to 3 'B,,. Nevertheless, the
shoulder of the E band cannot be assigned. More-
over, in our work, the oscillator strength of the tran-
sition to 2 'B,, is larger than the one associated with
3 'B,,. Our conclusion is that on one hand, the tran-
sition to 2 'B,, should be assigned to the E band, and
on the other hand, the excitation to the 3 'B,, corre-
sponds to the shoulder of the E band, that we labelled
E”.

(ii) the transition energy of the 3 !B, obtained with
the AE-MRDCI calculation (G’ peak) is 3.03 eV, and
the corresponding oscillator strength is weak. In our
case, this transition also has a weak oscillator strength,
but its energy is 2.68 eV. Consequently, this band is
located at the bottom of the F band (we have labelled
it F’ instead of G’ ).

Moreover, one can state that the transition energy
to 3 'B,, obtained by BKFK [8] is weaker than the
experimental value or than our value. The E and F
bands have analogous oscillator strengths, while the
experimental intensity of the E band is larger than
the intensity of the F band.

We now compare the vertical spectrum obtained
with the (4s4p4d+2s/atom) basis set with the re-
sults obtained in the (6s6p6d3f+2s/atom) central
basis set (fig. Ic). There are four differences.

(i) The C band is less intense in the large basis set
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Fig. 1. (a) experimental spectrum of Na, (after Wangetal. [31]);
(b) ab initio (pseudopotential) vertical spectrum obtained in a
(2s/atom + 4s4p4d at the center of mass) basis set; (c) ab initio
(pscudopotential) vertical spectrum obtained in a (2s/atom +
636p6d3f at the center of mass) basis set ; (d) ab initio (all elec-
tron) vertical spectrum in a 7s4p1d/atom basis set [8-14].
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Table 5

R. Poteau et al. / Chemsical Physics 175 (1993) 289-297

Transition energies (in eV) and associated oscillator strengths for Na,. The oscillator strengths are normalised with respect to the one of
the B peaks of BKFK [8]. The experimental transition energies are located in the table in such a way that they correspond to the

assignment made in this work
State 4s4p4d +2 s/atom 6s6p6d3f+2 s/atom 7s4pld/atom [8,14] Experiment [31]
T, A T. S T. £ T. o (A?)
1B, (1) 1.60A 0.005 1.59A 0.0005 1.51A 0.008 1.63A 0.089
B1. (1) 1.86 B 1.180 1.85B 1.180 1.71B 1.180 1.60B 1.180
!By, (2) 2.00C 0.446 2.03C 0.208 1.87C 0.011 1.98C 0.069
B, (1) 227D 0.014 222D 0.019 207D 0.075 2.18D 0.097
1B, (2) 2.57E 0.601 261E 0.867 245E' 0.150 2.51E 1.168
'Bs. (3) 2.68F 0.0002 2.72F 0.038 3.03G’ 0.002
B,. (3) 2N1E" 0.500 2.64E" 0.387 246E 0.810 2.63 0.365
'Biu (2) 291F 0.772 286 F 0.905 276 F 0.796 2.78F 0.324
2.85 0.304
B3, (4) 3.17F" 0.057 3.06 F~ 0.039 300G ~3.05
By, (3) 126 G 0.247 324G 0.240 330H 0.083 315G 0.081
'B,, (4) 345H 0.267 339H 0.152 0.056 3.33H 0.341
B,. (4) 349H' 0.142 338H’ 0.180
(perhaps luckily), in better agreement with
experiment.
(ii) The E and E” bands are more or less close as a 1 20 iterations
function of the basis, yielding a different relative po- 104
sition of the small peak F'. :
(iii) The oscillator strengths of the E and F bands 5
are bigger in the extended basis set, relative to the 4
most intense peak (B). o
(iv) There is an inversion of the quasidegenerate 0 1.00 2.00 3.00
H and H’ bands. This could be explained by a better
description of the highest excited states in the more 1 200 iterations
extended basis. 100+
(]
3.2. Ab initio dynamical spectrum at T=150 K b 50-
The calculation of the dynamical spectrum of Na, o
involves an increased computational effort. Indeed, o 1.00 2,00 3.00
the symmetry of the initial Dy, structure is lost, due
to the distortions of the cluster. The calculation is 450
consequently made in the C, symmetry group. Fur- d 650 iterations
thermore, there are numerous excited states in a quite 3004
narrow energy range. Despite the limitation of the
calculation to singlet states only, the determination 150~
of the transition energies in the range 0-3.5eV in-
volves the calculation of 25 singlets. The spectrum is 0
0 1.00 2.00 3.00

plotted as a function of the number of iterations in
fig. 2. After 20 iterations, the spectrum is still very
close to the spectrum of the equilibrium structure. The

Fig. 2. Plots of the dynamical spectrum for various steps of the
simulation.
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B peak is the most intense, and it is difficult to distin-
guish from the E and E” structures. The F band is
more intense than the E band. As for the C band, it is
too intense, due to the basis set. At the 200th itera-
tion, many modifications of the spectrum are notice-
able. The B peak is still sharp and intense. On the
other hand, the E and F bands have now similar in-
tensities, and the sum of the oscillator strengths of
the E” and F’ transitions provide the observed shoul-
der of the E band. The C band is becoming wider, but
also less intense. Beyond approximatively the 400th
MC iteration, the convergency of the spectrum is
nearly reached, and we considered that the plot con-
verged at the 650th iteration. Indeed, we observed no
modification of the shape of the spectrum between
400 and 650 iterations (apart from a global increase
of the intensity). Of course, due to the time cost of
the calculation, we were not able to perform further
checks of convergence using ab initio calculations of
the energy. The E and F bands have equivalent
heights, which is also the case with the static spec-
trum of BKFK [8]. The H band is wide, and has
merged with a small peak appearing at ~ 3.5 eV. The
intensity of structure D in the final simulation is van-
ishing. A small peak at the bottom of the E band has
appeared. There is a satisfactory overall agreement
between the dynamical and the experimental spectra
[31], in particular for what concerns the widths of
the B, E and F bands or the heights of the B, C, F, and
H bands. Nevertheless, a few discrepancies are no-
ticeable, mainly the underestimation of the intensity
of the E band, the overestimation of the F band, and
also the fact that we do not observe a splitting of the
F structure.

3.3. Approximate treatment of the ground state

Despite the progress in computer technology, such
an ab initio CI Monte Carlo process remains costly.
Moreover, it is not certain that following the Monte
Carlo trajectory over 650 geometries is sufficient from
a statistical point of view. In particular, in order to
avoid statistical correlation (the geometry of the
cluster between two consecutive MC steps remains
nearly identical), one often uses an algorithm where
the properties are only accumulated for some of the
MC steps (for instance every 50 MC generations)
This requires a much larger number of computations

for the ground state. With the aim of treating larger
clusters, one also wishes to reduce the time required
for the calculation of the simulation. We have intro-
duced in a previous paper a model Hamiltonian de-
veloped for sodium clusters [32]. It is an extension
of a distance-dependent tight-binding monoelec-
tronic Hamiltonian based on valence 3s orbitals, in-
cluding perturbatively the effect of 3p orbitals. The
computational effort to obtain the ground state en-
ergy is considerably reduced, since the energy is ob-
tained as the sum of n/2 eigenvalues of a nXn ma-
trix. We have extensively checked its validity for small
clusters (n=2-9), from both a geometrical and an
energetic point of view, and used it in order to study
the geometrical and energetics properties of larger
clusters (n<34) [33]. Such a Hamiltonian has
proved relevant for the description of the ground state
potential energy surfaces of sodium clusters.

The number of randomly generated geometries was
here taken as 4000, from which 1/50 were explicitly
considered in the integration of the spectrum. From
a practical point of view, the initial geometry is the
equilibrium structure obtained with the model.
Nevertheless, the bond lengths of the equilibrium ge-
ometries provided by the model are slightly shorter
than those of the ab initio geometry. We have empir-
ically taken into account that difference in the fol-
lowing way:

- all the modifications of the geometry which have
been accepted according to the Metropolis criterion
are stored;

- every 50 MC steps, these successive modifica-
tions are applied to the ab initio geometry, after mul-
tiplication by an empirical constant:

Aqnb =1.1 Aqmodcl .

The spectrum provided by the application of this al-
gorithm is compared to the purely ab initio simula-
tion for the same temperature (7=150K). The peaks
are located around the same transition energies, and
have analogous heights (see fig. 3a). However, the
width of most of them is slightly accentuated in this
simulation (in particular B, C, E, and F). There are
two possible explanations. On the one hand, the pro-
portionality factor between the ab initio and model
Hamiltonian coordinates is empiric; on the other
hand, the potential energy surface curvatures pro-
vided by the two Hamiltonians are probably differ-
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Fig. 3. Influence of the temperature on the dynamical spectrum
of Na,.

ent. However, the overall agreement of the spectra is
good.

3.4. Influence of the temperature on the dynamical
spectrum

Due to the low cost of this simulation with respect
to the ab initio MC simulations, it has been carried
out for two other temperatures, namely 7=50 K and
T=500 K (see figs. 3b and 3c). The T=50 K and
T=150 K spectra exhibit very close behaviours. The
only noticeable difference lies in the widths of the
bands, less important for =50 K. However, the
agreement with the experimental data is good, and it
is not easy to discriminate between the two tempera-
tures. On the other hand, the 7=500 K simulation
provides a dynamical spectrum which is very differ-
ent. As we have observed in a previous paper [34] in
which we studied phase transitions in small sodium
clusters (n=4, 8, and 20), at this temperature, the

cluster becomes fluxional, and oscillates between the

rhombus and the T shape. The bands are very wide,
in particular the E band, and the structure corre-
sponding to the initially labelled A, B, and C bands.
The C band is now very intense.

4. Conclusion

The use of ab initio methods for the study of the
excited states of alkali clusters is a step towards the
understanding and the analysis of experimental ab-
sorption spectra. The correspondence between the
position of nuclei and electronic transitions may
sometimes allow for the assignment of the experi-
mental features with the geometry of the clusters,
Nevertheless, the link between structure and vertical
theoretical spectrum may be ambiguous (e.g. Nagand
Nagy). In order to improve the description of theoret-
ical spectra and provide a determination of the
widths, we have taken into account the influence of
the temperature on the nuclei motion by a Monte
Carlo SCF-CI treatment. The application of this pro-
cedure for different temperatures yields an estima-
tion of the temperature of sodium clusters in molec-
ular beams. Of course, this thermometer cannot yet
be considered as very accurate. OQur conclusion is that
the temperature of Na,4 in the experiment of Wang et
al. is rather low, probably between 50 and 150 K.

The atomic basis set was built by considering the
assumptions of the jellium model. An extended basis
set (4s4pdd) is located at the center of mass of the
cluster, leading to a reduction of the total number of
atomic orbitals as the size of cluster increases. The
ground state energy is unsatisfactorily reproduced, but
the agreement of the transition energies with the ex-
perimental values is good.

It is also interesting to notice that the coupling of
this process with our model Hamiltonian consider-
ably reduces the computation time and yields results
comparable with the purely ab initio process. This
agreement is another indication of the relevance of
our model for the description of small sodium clus-
ters’ potential energy surface.
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