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Competition between Planar and Nonplanar Structure in Alkali Hexamers: The Example of Li6
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The optical-absorption spectrum of Li6 has been observed by depletion spectroscopy in the 400-700-
nm range. The experimental results are compared with theoretical spectra calculated for the three Li6
structures in competition and we have been able to unambiguously determine the most stable Li6
geometry as being the Cz, . tripyramidal geometry.

PACS numbers: 36.40.+d, 31.50.+w, 35.20.—i

It is well known from basic solid-state physics that
crystalline structure determines electronic and metallic
properties of materials [I]. For example, the pentavalent
semimetals and carbon, which have various allotropic
varieties having very diAerent properties, are striking il-
lustrations of this phenomenon. In clusters physics we
expect that the geometric structure plays the role of the
crystalline structure. However, the geometry of small
metal clusters is quite difticult to determine experimental-
ly. For large size domains, electron diA'raction may pro-
vide valuable information on the cluster structure [2].
However, for very small clusters M„(3~ n ~ 50), there
is no standard method to measure the geometric struc-
ture. In dimers or trimers [3-5] the analysis of vibronic
and rotational patterns leads to precise determination of
internuclear distances and ground-state potential sur-
faces. For n ~ 4, the vibronic structure, when it exists
[6], is too congested to allow a valuable analysis. In these
clusters, only unresolved broadband absorption spectra
[7-10] are available.

Theoretical ab initio calculations performed on alkali
clusters have led to predictions of the ground-state geo-
metric structure in the size range 2 ~ n ~ 13 [11].
Sometimes for a given size, two or three isomers have en™

ergy values very close together with small energy barriers
between them. Moreover, very recently, it has become
possible to calculate the optical-absorption spectra of
small alkali clusters in the size range 2~ n ~ 8, as illus-
trated by the results obtained for Li4 [6,12], Na4 [13,14],
Lis [15], and Nas [14,16], where the agreement with ex-
perimental results is remarkable. It is clear that the
optical-absorption spectrum strongly depends on the
ground-state geometry and the comparison with experi-
mental results is the key for the determination of the
geometric structure. In alkali clusters, the hexamer plays
a particular role. For n ~ 5, alkali clusters are planar,
while in the hexamer, competition between planar and
nonplanar structures occurs [11,17], namely, three struc-
tures have very similar binding energy: the planar D3~
structure, the quasiplanar pentagonal pyramidal C5,, with

only one atom slightly above the pentagon, and the non-
planar tripyramidal C2, , geometry. We present in this
Letter experimental results on the Li6 optical-absorption
spectrum and ab initio calculations of the whole absorp-
tion spectrum calculated for diAerent geometries. The
comparison between them allows us to determine the Li6
geometry as being the nonplanar tripyramidal C~, This
illustrates the ability of spectroscopic techniques com-
bined with ab initio calculations to determine the cluster
structure and also confirms the attractive character of the
hexamer in the alkali cluster as a transition between pla-
nar and nonplanar dimensions.

The lithium clusters are produced in a seeded molecu-
lar beam by the coexpansion of Li vapor with argon as in-
ert carrier gas. To achieve the high temperatures neces-
sary for reasonable lithium vapor pressure (10-100
Torr), a special oven was built. It is comprised of a car-
tridge made of titanium, zirconium, and molybdenum
heated by tungsten filaments. Nozzle characteristics are
typically 100 pm in diameter for a channel length of 300
pm. The argon pressure varies in the range 1-5 bars.
The vibrational temperature measured on Li3 is typically
25 K [18].

The Li6 absorption spectrum was recorded by the de-
pletion technique [6,19] using two dye lasers pumped by
two diAerent excimer lasers. The first layer, frequency
doubled in a beta barium borate (BBO) crystal (1
mJ/cm at 225 nm), permanently ionizes Li6. The second
dye laser is scanned to the Li6 excited states. Relaxation
of the excitation occurs by fast dissociation of Li6 and in-
duces depletion of the Li6+ ion signal detected by a
time-of-Aight mass spectrometer. The time delay be-
tween the two excimer lasers is electronically adjusted.
This arrangement allows the utilization of two separate
regions for photodepletion and photoionization which
prevents perturbation due to daughter clusters resulting
from fragmentation eAects following the excitation by the
depleting laser. The minimum distance between both
laser spots that yields negligible eAects from fragments is
about 20 mm [15]. During the run of experiments on Li6,
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the distance between both laser spots was only 6 mm due
to topological constraints in our apparatus. The fragmen-
tation of Li7 on the Li6 channel was observed (Li7*

Li6+Li). However, by varying the time delay be-
tween the two lasers and the power of the depleting laser,
it was possible to discriminate between Li6 fragments and
Li6 coming from the beam because they have different ve-

locity distributions.
Eight different dyes were used for recording Li„ab-

sorption spectra between 380 and 760 nm. The fluence of
the depleting laser was carefully recorded by a calibrated
pyroelectric detector in order to deconvolute spectra from
dye responses and to ensure that the depletion process
remains in the linear region. Absolute cross sections are
then deduced from depletion spectra by the usual relation
In(IOB/I, „)=of. The absorption cross section obtained is
shown in Fig. l. In the red and yellow regions, the frag-
mentation effects were negligible and the cross section
may directly be deduced from the depletion spectra. In
the blue region where a strong depletion occurs in Li7 and

Lis, fragmentation effects were observed and a detailed
study was performed for selected wavelengths by varying
the time delay between both lasers and the power of the
depleting laser [18],allowing us to correct the Li6 absorp-
tion cross section from the contribution of daughter frag-
ments (Li6 fragments have different velocity distribu-
tions). The Li6 absorption spectrum exhibits two broad-
bands: an intense band at about 500 nm (2.5 eV) and a
weaker one at 690 nm (1.8 eV). These results may be
compared with ab initio calculations of optical transition
oscillatory strength for various Li6 isomers.

The method used for the ab initio calculations of the
Li6 ground state is detailed in Refs. [12] and [17]. The
best calculations were obtained with the self-consistent-
Aeld, multireference diexcitation, configuration-interac-
tion (SCF-MRD-CI) procedure using a (13s,3p/6s, 3p)
atomic-orbital basis set. There are three energetically
close-lying structures: the planar D3p structure has a
IA( ground state with a total 4.10 eV atomization ener-

gy. The pentagonal pyramid of C5,, symmetry has a 1A]
ground state and very similar atomization energy
( = 4.18 eV). The tripyramidal C2, , geometry (IA

~

ground state) has the lowest atomization energy (=4.23
eV). This energy difference is very small, illustrating the

C3

I—
1

LLJ
Ul

I

3 eV

C3

1-
LU
CI)

[.5

Li 6 (C2v)

B Ai

5 Bp/

.050

2.6i I

1.0
I

0.5

E (eVI
-4 0-

-3 0-P-

I-

3'Bp

2 Bp
i /

2 Ai
-i 0-

0.0
0.0

8'B

9 B2

)iB

yiB

9 Ag

6iB2

A~By

r'A,

O'B

2iB

1 B2

1 Bi

—1A,i

12 Ai

11 Ai

ioiA

&B Bg—0 Ai
i

~5 Bi

7'A,

4 B2

A

a'A,

2'A,

FIG. I. Experimental optical absorption spectra of Li6

(upper) and calculated oscillator strengths of the various transi-
tions (lower) for the tripyramidal C2,. geometry. All electronic
states involved in the calculation of line strengths for vertical
electronic absorption transitions are shown at the bottom. Only
significant line strengths are drawn in the middle part; they ex-
hibit the very good agreement between theory and experiment
for this geometry.
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FIG. 2. Comparison between the experimental spectrum
(upper) and calculated transitions (lower) for the planar D3A

geometry of Li6. The complete disagreement with the experi-
ment allows us to exclude this geometry.
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Since in other lithium and sodium clusters (Li4, Na4, Li7,
Na7, Lis, Nas) geometric structures and absorption spec-
tra are rather similar, this difference of behavior in Li6
and Na6 illustrates the competition between planar and
nonplanar structures in small alkali hexamers.

In conclusion, we have recorded the optical-absorption
spectrum of the Li6 cluster. By comparison with the
theoretical spectra obtained by ab initio calculations for
the various Li6 isomers, we have proved that Li6 produced
in our seeded molecular beam has the nonplanar tripy-
ramidal C2,, geometry. Since the clusters in our beam are
very cold, this indicates that this isomer is probably the
most stable, in agreement with the best ab initio SCF-CI
calculations. This example illustrates clearly the impor-
tance of the position of nuclei for interpretation of ab-
sorption spectra in very small clusters. In the future, it
would be very interesting to study the Li6 absorption
spectrum as a function of the temperature, for example,
by heating Li6 through the absorption of infrared pho-
tons. We could then expect the appearance of spectra re-
lated to the different isomers, where the thermal energy
allows passage through the energy barriers between these
isomers.

Laboratoire de Spectrometric Ionique et Mo1eculaire is
associated with CNRS (No. 171).

FIG. 3. Comparison between the experimental spectrum
(upper) and calculated transitions (lower) for the pentagonal
pyramid C5,. geometry of Li6. The complete disagreement with
the experiment allows us to exclude this geometry.

competition between these various structures. Particular-
ly, it is interesting to remark that for Na6 the planar D3I,
structure has the lowest energy. A comparison of the cal-
culated and experimental absorption spectrum is there-
fore crucial.

The excited states of Li6 have been calculated using
similar methods as for Li4, Li7, and Lis [12,15]. The os-
cillator strengths of the vertical transitions are obtained
for the three Li6 geometries from their ground state. The
results are compared to the experimental spectra (Figs.
1-3). The nonplanar tripyramidal C2,, geometry gives an
absorption spectrum in fair agreement with the experi-
ment (Fig. 1). For the two other structures (Figs. 2 and
3), the absorption spectrum is dominated by an intense
peak around 600 nm (2.07 eV) in complete disagreement
with the experimental results. These features unambigu-
ously demonstrate that the Li6 clusters produced in our
seeded molecular beam have a nonplanar tripyramidal
geometry.

It is also interesting to notice that the Na6 absorption
spectrum [20,21] exhibits an intense peak at 600 nm (2.5
eV) in agreement with the spectrum calculated for a pla-
nar structure D3q and for a pentagonal pyramid C5,, [22].
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