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Stable (IVat9)2 as a Giant Alkali-Metal-Atom Dimer
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We report that a dimer of clusters, (Na»)2, is energetically stable and explains the abundance of Na3s
in sodium-cluster mass spectra. A fusion process of two NaI9 clusters has been studied on the basis of
the jellium-sphere —background model by the local —spin-density —functional method. Calculated binding
energies show that the force between two clusters is attractive and that the complete fusion is preceded
by the formation of a stable (Na~9)2, whose electronic structure is analogous to an alkali-metal —atom di-
mer, supporting the concept of "clusters of giant atoms" for sodium clusters.

PACS numbers: 36.40.+d, 31.20.—d, 34.25.+t

Recent time-of-flight experiments for various metal
clusters have revealed that electronic structures for metal
clusters have shell structures. ' A simple model, ' in

which the valence electrons of constituent atoms are as-
sumed to be delocalized and bound in a spherical poten-
tial well, has been proposed to account for the shell
structures. Observed mass spectra for monovalent metal
clusters show peaks or steps at some cluster sizes, and
the numbers of atoms in such abundant clusters are
called "magic numbers. " The numbers of electrons in

these magic-number clusters are found to be equal to the
shell-closing numbers of valence electrons.

In the case of sodium clusters, ' there are some addi-
tional clear peaks which do not correspond to the shell-
closing electronic structures. In our previous work, it
has been pointed out that some non-shell-closing magic
numbers for sodium clusters can be interpreted in terms
of clusters of giant atoms. The giant-atom concept for
sodium clusters is also based on a shell model, in which
clusters have such electronic energy levels as s, p, d, and
so on, resembling ordinary atoms because of the spheri-
cal symmetry. For example, a Na~9 cluster has a spheri-
cal core 1s lp 1d' plus one 2s electron. Hence, Na19
is expected to have properties similar to an alkali-metal
atom. A dimer of alkali-metal atoms is known to be rel-
atively stable because two valence electrons make a sing-
let pair in the bonding orbital. (Mass spectra for Na„,
K„, and Na~K„~ clusters show peaks at n =2, which
gives the shell-closing electronic structure 1s . It is in-

teresting that the shell model works even for such small
clusters. ) Therefore, two Na~9 clusters should easily
react during the adiabatic expansion of sodium gas in the
time-of-flight experiment. This high reaction probability
will make the non-shell-closing cluster Na38 abundant.
Some other examples of the giant atom have been pro-
posed, and several clusters or molecules of giant atoms
are found to explain the non-shell-closing magic num-
bers. 8

In our recent work based on a spherical-
jellium-background model, ' ' it has been found that
two Na4 clusters attract each other strongly, and that

Na8 clusters have properties similar to inert-gas atoms
since two Na8 clusters are bound by a weak dispersion
force. Hence, Na8 clusters scarcely react with other
clusters, and many of them survive the adiabatic expan-
sion. These results explain the strong peak of Na8 in the
time-of-flight mass spectra and support the giant-atom
concept. A spherical-jellium- background model also
gives shell structures for valence electrons and makes it
possible to discuss the relative stability of clusters in

terms of their total energies. This success of the giant-
atom concept indicates that reaction properties of sodi-
urn clusters can be explained by the analogy with reac-
tions between ordinary atoms. Mass spectra for Na„ob-
tained in adiabatic expansion from sodium gas' have
fine structures; that is, non-shell-closing abundant clus-
ters and particularly poor clusters. In contrast, mass
spectra for noble-metal clusters obtained by secondary-
ion mass spectrometry (SIMS) do not exhibit such fine
structures. In the SIMS experiment, clusters come out
directly from the surface-plasma region without cluster
collisions. Hence, the fine structures of mass spectra for
Na„clusters in the adiabatic-expansion experiment
reflect reaction processes of the clusters. '

In the present work, in order to see if sodium-cluster
giant atoms make "giant molecules" or "giant clusters"
statically, the reaction process in which two Na~9 clus-
ters evolve into one Na38 cluster has been studied with
use of the jellium-sphere-dimer model. We have calcu-
lated the electronic structures and binding energies for
the giant alkali-metal-atom dimer (%~9)q, and examined
its stability. Here X„ is the model cluster for Na„having
the jellium-sphere background.

In the present calculation, electronic structures have
been calculated in the local-spin-density-functional ap-
proximation (LDA) ' ' with an exchange-correlation
potential of the Ceperley-Alder type. ' ' As for the
basis functions, we have used the numerical eigenfunc-
tions, ls, lp, ld, 2s, and 1f for A'~9, which have been lo-
cated at both centers of two %19. In addition, we have
put the ls, Ip, ld, 2s, lf, and 2p eigenfunctions for 43s
at the center of the dimer (2'~9)2. These jellium-sphere
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eigenfunctions have also been obtained with use of LDA
with the Ceperley-Alder potential. ' To solve the Pois-
son equation and obtain the efI'ective potential for elec-
trons, the negative-charge density has been expanded by
spherical harmonics Vi around the dimer center. The
maximum value for I has been taken to be 8.

We have calculated the binding energies of (X~9)2 rel-
ative to 2X [9,

Eb =E ,t(t(X/9) 2) 2Etot(X19)
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for two difterent electronic configurations, (N t, N1)
=(19,19) and (20, 18), and for 25 ~ d ~ 2.0X10 a.u.
Here d is the interjellium distance; that is, the distance
between two jellium centers, and N is the number of the
o-spin electrons. Hereafter, the minimum d value
2.0x10 a.u. will be referred to as d =0, since it is very
small, and d will be given in atomic units.

The radius of L„ is given by

where r, is the Wigner-Seitz radius for bulk sodium,
3.93 a.u. In X„, the positive charge is uniformly distri-
buted [( —', err, ) ' in atomic units] inside the sphere of
radius R„. Therefore, two jellium spheres of (X/9) p

overlap for d & 2R [9. In this case, the two jellium
spheres are enlarged equally so that the volume of the re-
gion inside the two spheres may be equal to —', x(R~9)
and the positive-background density inside the spheres
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FIG. 1. Binding-energy curves of (X~9)2 for two difTerent
electronic configurations, (N t, N ~) = (20, 18) (filled circles)
and (19,19) (open circles). For several interjellium distances,
schematic pictures for positive background are shown.

including the overlapping region is kept uniform,
( —', zr,3) '. By means of this procedure, a fusion of
(X~9)2 into X3s becomes a continuous process (Fig. 1).

Using the formulation given in our previous work, we
have calculated separately the kinetic energy Ek;„, the
electrostatic energy E„, and the exchange-correlation
energy E„,for (X~9)q and X~9,

E„=—,
' „d r„d r'[p (r) —p+(r)][p (r') —p+(r')]/lr —r'l,

E„,=„d'r e„,[pt(r), pt(r)]p (r).

Accordingly, Eb is given by the sum of three terms,

(3)

Eb =AEkIII +AEes+ AE)(,~. (4)

In Eq. (3), the vcr sum is over the occupied spin orbitals,
%', , which are obtained self-consistently in LDA, and
p+, p, and p are the positive-charge, negative-charge,
and a-spin densities, respectively. t. „, is the exchange-
correlation energy per electron.

In Fig. 1, we show the binding-energy curves of (X&9)2
for two electronic configurations, (Nl, N1) =(20, 18) and
(19,19). The ground-state configuration for d ~ 23 is
(20, 18). At this relatively large distance, the interaction
between two jellium spheres is rather weak and the elec-
tronic structure around each jellium sphere is close to
that for the ground state of %[9, whose configuration is

(Nl, Nl) =(10,9). When d ~ 22, the ground-state
configuration for (X~9)2 becomes (19,19). Around
d =16.5, Eb for the ground state takes a minimum value,
E ~. From d =12 to 6, both (20, 18) and (19,19) states

take almost the same positive Eb. For d ~ 5, the
ground-state configuration is again (20, 18) and its Eb
takes a minimum value E 2 at d=0. Although the
minimum at d =0 is deeper than the minimum around
d =16.5, they are separated by a high energy barrier,
whose height relative to E [ is about 1.4 eV. Moreover,
the barrier has a positive energy value (about 0.5 eV).
Hence, in a fusion process of two XI9, a stable dimer
(X[9)2 is formed around d = 16.5.

AEk;„, h,E„, and hE„, curves are shown in Fig. 2. In
both configurations, AEk;„and AE„, curves show a strong
relationship with each other. When hE k;„ increases,
hE„, decreases, and vice versa. For 10~ d ~ 5, AEk;„
and hE„, take the maximum and the minimum values,
respectively. For the above interjellium distances, elec-
trons occupy orbitals where they can well avoid each oth-
er because the potential from a positive background is
far from a spherical one or the superposition of two
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FIG. 3. Electronic energy levels for ground-state X|9 and
(A]9)2 of (N1, N1) = (19,19) with d =22, 17, and 0 a.u. Solid
and dashed lines indicate occupied and unoccupied levels, re-

spectivelyy.
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FIG. 2. Kinetic-energy (circles), electrostatic-energy
(triangles), and exchange-correlation —energy contributions
(squares) to binding energies. Filled circles, triangles, and
squares are for (N1, N1) =(20, 18), and open circles, triangles,
and squares are for (19,19).

spherical potentials. Then, electrons gain correlation en-

ergy but lose kinetic energy.
It can be seen from Fig. 2 that the spin-nonpolarized

state has lower E~ than the spin-polarized state around
d =16.5 because of the relatively large kinetic-energy
gain. This implies that the spin-nonpolarized (%19)2 is
bound by a covalent bond as in an alkali-metal-atom di-
mer.

Electronic energy levels of the spin-nonpolarized
(X]9)2 for several interjellium distances are shown in

Fig. 3. At d =22, energy levels have little splittings and
are nearly equal to the ls, lp, ld, 2s, and lf levels of
A I9 on account of a weak interaction between the two
A ]9 spheres. At d = 1 7, which is close to the equilibrium
distance, the bonding and the antibonding levels origi-
nating from A I9 2s levels show a large splitting, and only
the bonding level is occupied. Hence, we conclude that
the stable (4 i9)2 is bound by a covalent bond of s-type
orbitals in the same way as an alkali-metal-atom dimer.
This result supports the presence of (Na|9)2 as a giant
alkali-metal- atom dimer, since Eb curves similar to

those in Fig. 1 are expected in a fusion of real NaI9 clus-
ters.

The present results confirm that two Na~9 clusters
react very easily because their electronic structure is
similar to alkali-metal atoms, which explains the rela-
tively high peak at Na38 in the mass spectra. ' Since
NaI9 is an abundant cluster, Na38 also is abundant. Ac-
tually, in the adiabatic-expansion experiment, larger
clusters become abundant and smaller clusters are de-
pleted when the carrier-gas pressure is increased.
Hence, larger clusters are produced by coagulation of
smaller clusters. The present results also show that the
concept of "clusters of giant atoms" holds good in the
case of a giant alkali-metal-atom dimer. Hence, we be-
lieve that other kinds of giant-atom clusters proposed
previously are also realistic. The giant-atom and the
giant-atom-cluster concepts will be very useful in the
consideration of the reaction of metal clusters.
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