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High-spin electronic interaction of small lithium and sodium cluster
formation in the excited states
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We have carried out the MRGlb initio calculations for small lithium and sodium clusters, and
elucidate the interaction between atoms in various high-spin electronic states, in terms of the
guantum mechanical energy densities based on the regional density functional fretripana, J.

Chem. Phys.115 3497 (2001)]. When the separated two electronic drop regions, where the
electronic kinetic-energy density is positive, connect to each other, it is observed that ratios of
occupation on configurations change rapidly in therhblecule. These results are considered as one

of the evidences that valence electrons can move around both two Li atoms freely in the meaning
of classical mechanics. The shape of electronic drop region depends strongly on the electronic state
and represents the characteristics of interaction clearly, and the electronic tension density also gives
new images of microscopic electronic stresses. Furthermore, we have clarified the most stable
structures of L and Li, for the high-spin electronic state, which are respectively different from the
most stable structures for the low-spin electronic state. The stabilization energy due to taking in a
Li atom is raised gradually as the number of atoms in dluster increases in the initial stage of
cluster propagation. The formation energies of NBag, and Ng clusters are much smaller than

that of the corresponding lithium clusters. )02 American Institute of Physics.

[DOI: 10.1063/1.1480869

I. INTRODUCTION force effectively, which is originated in the uncertainly prin-

o f1h t attractive fields of i . ; Iciple between the position and the momentum. It is consid-
ne ot the most attractive TIelds ot recent expenmentaly oy that the BEC ofLi is a metastable state standing on a
study on quantum mechanics is achievement of the Bose

Einstein condensatioBEC).1-3 The BEC enables us to ob- subtle balance of the repulsive energy originated in the un-

serve quantum-mechanical phenomena at macroscopic sca ertainly principle, the energy due to the magnetic trap, and
d nicai p >COP Re energy due to the attractive interaction between atoms.
for examples, superfluidity dHe and superconductivity due

to the Cooper pair of electrons. However, the BEC of hydro-, In order to understand the interaction amdhgatoms

gen atoms and alkali metal atoms, which have only a smalf’ the B'_EC’ we _need a deta||_ed analysis of the mteractlon
mong Li atoms in the small Li cluster system. In particular,

interaction with each other, had not been observed for a lon ) . : :
time. Recently, by an advance of experimental technique e high-spin electronic states of small Li clusters are neces-
' arily important because the BEC @fi occurs under the

the BECs of alkali atoms were observed successively such ad ] 0 -
87Rb,* 2Na,5 and 'Li®7 in 1995, and at length, the BEC of magnetic trag? Fortunately, a lot of experimental and theo-

hydrogen atonfswere achieved in 1998. Interference fringes retical studies on potential-energy curves for various elec-

by the matter wave can be observed in these Bt the tronic states of Li molecule have been report&d?* Recent
applications to atomic laser is expected. progress in technique, to assemble ultracold atoms, has

Generally, the BEC is achieved by particles with repul-Stimulated the construction of schemes that may lead to the

sive interaction because the fluctuation of density is supProduction of translationally ultracold molecules in specific
pressed. On the other hand, it had been conjectured that pdRtational and vibrational levef$=" In particular, the most
ticles with attractive interaction could not bring about the hoteworthy point is that the lowest excited state of,La
BEC because the formation of high-density region caused¥, . is very slightly bound, having only 11 vibrational
instability. Actually, 8’Rb, 2°Na, H, “He, and the Cooper levels?®~3° The minimum of the potential-energy curve for
pair of electrons have repulsive interaction and form stabléhe 33 state can be simulated by the multiconfiguration
BEC. However, it is observed thati forms BEC although it ~ self-consistent fieldMCSCP method or the superiors:=
has attractive interaction in the usual gas siate.the the In other words, the potential-energy curve for fi! state
observation of the BEC 0Li, a cold Li atom is caged up by is monotonically repulsive by the SCF calculations with a
the magnetic trap which is produced by six permanent magsingle Slater determinant. Therefore, the consideration to oc-
net cylinderst® and then, the caged atoms feel repulsivecupation on other electronic configurations within conserv-
ing the33 " symmetry should play an important role in the

dAuthor to whom correspondence should be addressed. Electronic maiF?hang_e of potential-energy curve from a repulsive one to an
akitomo@scl.kyoto-u.ac.jp attractive one.
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FIG. 1. Potential-energy curves for each electronic state pfridlecule at@) the RHF,(b) the MCSCF, andc) the MRCI levels. Curves by solid line and
dashed line, respectively denote the triplet states and the singlet states.

In addition, a lot of research groups have reported struch. COMPUTATIONAL METHODS OF
tures of Lj, cluster’*~8Information of geometry is very im- ELECTRONIC-STATE CALCULATIONS
portant for the mechanism of propagation of Li cluster. HOW-a_gjectronic-state calculations of lithium clusters
ever, the most stable geometries of kluster for the high-
spin electronic state have hardly been reported, Ab initio molecular computations reported in this paper
unexpectedly. In this paper, we shall elucidate the interactiowere performed with Molecular Regional DFT program
among Li atoms in the biand Ly molecule system in the Package’ The Roos extended Gaussian functions
high-spin electronic states in terms of the regional density6S5p3d2f )" were adopted as the basis set for electronic-
functional theory®=*° by using high-qualitativeab initio ~ state calculations of bi molecules. We investigated the
electronic-state calculations. We have treated the triplePotential-energy curves of low-lying eight electronic states
states of Lj molecule®s,, °I1,, 3§$ , and3Hg states, and by the restricted Hartree—FodiRHF) level, the MCSCF
the quartet states of jicluster system. Furthermore, calcu- level, and the internally contracted multireference configura-
lations of the quintet states of Liclusters have been also tion interaction(MRCI) calculations>** respectively. For
performed, and the propagation of, Léluster for the high- Li, molecule, the active space of the MCSCF calculations is
spin electronic state has been discussed. We have applied themposed of 212—5¢, 2—40y , 1-3m,, 1-2my , 14,
quantum-mechanical energy densitidsased on the regional and 15;) molecular orbitals(MOs) for two valence elec-
density functional theory, and have shown the local electrons. The MRCI calculations were carried out by taking into
tronic nature in the propagation of lithium clusters for vari- account internal excitations, and singly and doubly external
ous electronic states. We have also calculated ®asters  excitations from the core orbitalloy and 1o}) and the
(n=2-4) for the high-spin electronic state, and distinguish-active space of the MCSCF method.
ing characteristics of interaction in lithium clusters from For electronic-state calculations of sLiclusters, we
other alkali metals have been discussed by comparing bedopted the 6-31Gbasis set*>®We have investigated the
tween lithium and sodium clusters. colinear structurds " and the triangle structurtB, in the
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TABLE |. Optimized length and bond formation energy of lat the MRCI
level with Roos’ extended Gaussian basis set.

-14.76

Absolute energyHartree
Bond

Optimized  formation in optimized in dissociation
State length(bohp energy(eV) length limit

1480 I3+ 5.055 1115  —14.95351 —14.91255 {S+29)

35y 7.495 0.088  —14.91580 —14.91255 {S+2S)
5, 4.887 1573  —14.90262 —14.84480 {S+2P)
s 5.862 1.217  —14.88953 —14.84480 {S+2P)
¥y 5.787 0.936  —14.87919 —14.84480 {S+2P)
1, 5.541 0.425  —14.86042 —14.84480 {S+2P)
M, 7.452 0.224  —14.85305 —14.84480 {S+2P)
°M, —14.844 80 {S+2P)

-14.84

energy [hartree]

posed of 12 and 16 MOs for Neand Na, respectively,
which are originated in 8and 3 atomic orbitals of each Na
atom, for three (Ng or four (Na) valence electrons.

-14.88

lll. RESULTS AND DISCUSSION

A. Triplet states of Li , molecules

Sy T T
e ' Figure 1 shows the potential-energy curves for each
. electronic state of Limolecule at the RHF, the MCSCF, and
SE the MRCI levels. Shapes and relative positions of each po-
tential curve for the MCSCF and the MRCI calculations are
consistent with those in referencés’® We found that the
-14.96 ‘ ‘ absolute potential energies obtained by the MRCI calcula-
' ) tion, without excitations from the core orbitals, almost coin-
cides with those of the MCSCF level. It means that the ex-
FIG. 1. (Continued) tent of active space is adequate and that consideration of
excitations from the core orbitals contributes strikingly to the
absolute potential energy. The optimized Li—Li length and
. . i I Rhe bond formation energy at the MRCI level are listed in
proaching Li atom of théS state to Ly molecule of the’S [ 1107 | this paper, we have demonstrated the interaction

state with parallel spinsAb initio calculations at the RHF between two Li atoms in terms of the quantum-mechanical
level, the MCSCF level, and the MRCI level were per- densitie8® based on the regional density functional

formed. The active space of thg MCSCF_ calculations i; Comfheory?g“‘g The electronic kinetic-energy density(f) is
posed of 12 MOs, which are originated is and 2p atomic defined a&

orbitals of each Li atom, for three valence electrons. The )

electronic state of the triangle structuta, has been also .1 . .

calculated. Furthermore, we have calculated some g@f Li nT(r)_EZ Vil | T gm A% (D)

clusters with the 6-315 basis set with the same quality to

the calculations of L4 clusters, that is, the active space of the g (F)| B 2 ] )
I 1

(© t [bohr]

quartet state. Both electronic states can be formed by a|

MCSCEF calculations is composed of 16 MOs for four va- ﬁm’/ji(r) @

lence electrons. wherem is the mass of electromy; () is the natural orbitals,

and »; is the occupation number a@f; (1), respectively. The
region withn+(r) >0 can be regarded as an area where elec-
We adopted the Roos extended Gaussian functiongons can move freely in the meaning of classical mechanics,
(7s6p4d3f)°! as the basis set for electronic-state calculacalled the electronic drop regioRp, and the region with
tions of Ng molecules. For the calculation at the MCSCF n4(f) <0 means an area where electrons can move only with
level, the active space is composed of #3-504, 407 , the quantum-mechanical tunneling effect, called the elec-
2-3m,, 2773 , 184, and 157) MOs for two valence elec- tronic atmosphere regioR,. Ry andR, are divided by the
trons. The MRCI calculations were carried out by taking intoelectronic interface, the hypersurfacersf(F) = 0. For the
account internal excitations, and singly and doubly externafS ground state of Li atonRp is distributed on the quiet
excitations from the active space of the MCSCF methodneighborhood of nucleus with by far positive value and over
Moreover, we have carried out the MCSCF and MRCI cal-a region where the distance from the nucleus is about 2.0—
culations of Ng and Na clusters by using a 6-3TGbasis 5.1 bohr. The practical electronic interfac®, can be re-
set. The active space of the MCSCF calculations is comgarded as the outer one at the distance of 5.1 bohr from the

B. Electronic-state calculations of sodium clusters
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nucleus. Electrons that occupy the core drbital are con- 30,
centrated on the vicinity of the nucleus, so that the interface

S does not change so much by treating the valence electrons g ..
only. Therefore, the interfac® also means the hypersurface
of the point where the spin kinetic-energy density is zero for yd .
the ground state of Li atom, the triplet states of friolecule, —_ —{fj »— _—
and the quartet states ofjlélusters, etc. The total electronic R
force densityFS(F) is represented as Y%

ES(F) = 75(7) + X(7), @ ‘ "

20,
where 73(F) andX3(F) denote the electronic tension density ‘T—
and the electronic external force density, respectively. The
superscriptS means that these densities originate in the ve- S ‘T_' .......... "1_ 2s
locity density operatorS(r).** The 75(f) has quantum- T _T_
mechanical  origin, and is defined as7(F) 20
=1(rSY(r), 7(F), 7(F)) with
h? IAY(F) I (F)
TSk(F)ZHX vi| 47 (F) all)l(lk( I d;lxk

Ayi(r)

X

NPE(E) ()
+_é,k_¢i(r)_A¢i (r)%k_ () Ls H— """""" —1—17 """""" —T—l— Ls

for k=1,2,3. The electric field due to interaction between
electrons can be visualized properly by meang$¢f). For &
stationary state, théS(f) balances with the electric field Fig. 2. Molecular orbital correlation diagram in th& state of Lj
E(r) exerted on electrof molecule.

For the®s, | state of Ly molecule, it is observed that the
MRCI potential-energy curve has a shallow minimumrat atom stands vertical to the Li—Li axis. The main configura-
=7.452 bohr, where denotes the distance between two Li tion of the °II, state at the vicinity of the minimum is
atoms. The main configuration of tﬁéj state is shown in (109)2(103)2(2%)1(1%)1_ The bond formation energy is
Fig. 2. The dissociation limit of théX | state is°S+%S,  very large because both of two valence electrons occupy
where the electronic state can be represented by a singlnding orbitals at the vicinity of the minimum for ti&l,

Slater determinant, but there is no minimum for the potentiaktate, contrary to the main configuration of the, state.
energy at the RHF level with the configuration of
(Log)?(1o})*(20y)*(20%)", as shown in Fig. (B). Ac-
cordingly, the consideration to excitations from the RHF
configuration within the’, | symmetry can stabilize the in-
teraction between two Li atoms, even though a ratio of oc-
cupation on the excited configurations is small, as shown in %]
Fig. 3. The kinetic-energy density and the tension density
derived by Egs(1) and(3) for the 32: state in the diatomic

distancer =11 bohr at the MRCI level are shown in Fig. 4. g 0.%
Forr>11 bohr,Rps around each atom are separatedrly p L
Under this circumstance, the electronic state of system is§ A
almost equal to those &S Li atoms at two positions, and §

0.044

each of valence electrons can make covalence only by the
guantum-mechanical effects. ForKabout 11 bohrRp has

become one continuous region surrounding both two Li at- ]
oms. We have observed that the occupation on the excited  0.02
configurations, which intensify the covalent interaction be- ]

tween Li atoms, starts to increase rapidly in the continuous ] - -

Rp as two Li atoms approach, as shown in Fig. 3. This result 0 ———] ‘ ——

is considered as one of the evidences that valence electron: 0 5 10 15 2
can move around both two Li atoms freely in the meaning of r [bohr]

classical mechanics. FIG. 3. Ratio of occupation on configurations for thE state of Lj
3 . . . u
For the °II, state, the MRCI potential-energy curve molecule at the MRCI level. Solid line, dashed line, and dotted line de-

reaches a minimum at=4.887 bohr. The dissociation limit note the configurations of ()2(107)2(20) (20%)", (Log)¥(1a7)?
of the3I1, state is’S+2P; valence D electron in theéP Li  (305)1(307)% and (lr)%(107)2(1m,) (1m3)", respectively.
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108 6 4 2 0 2 4 6 8 10

FIG. 4. Map of the kinetic-energy density;(7) and the tension density FIG. 6. Map ofn(f) and 7() (arrows at the MRCI level for the’ll,
73(F) (arrows at the MRCI level for théEJ state of L, molecule, where  state of L, molecule, where a diatomic distance is 12.0 bohr. Map is set
a diatomic distance is 11.0 bohr. Gray area is the electronic drop region. parallel to them-plane.

Therefore, once a kimolecule becomes in thidl, state, the For the 32g state, the MRCI potential-energy curve
strong Li—Li bonding interaction is preserved, besides theeaches a minimum at=5.787 bohr. The dissociation limit
fact that the transition between tR& state and théll,  of the®Y  state is’S+?P; valence  electron in the’P Li

state is forbidden by symmetry. As shown in Fig. 5, the elecatom stands parallel to the Li—Li axis. The main configura-
tronic state of théll,, state cannot be represented byasinglaion of the 33 state at the vicinity of a minimum is
Slater determinant for large, that is, (log)*(1loy)? 3c, )2(1a})*(20g)*(30)*. The bond formation energy of
(20t (1my )} configuration makes a contribution of 50% the . state becomes large because of the same reason as
occupation to the electronic state at the dissociation limitthat of the3H state. As shown in Fig. 7, the electronic state
Figure 6 shows the kinetic-energy density and the tensioof the3EJr state cannot be also represented by a single Slater
density for the®Il, state inr=12bohr at the MRCI determmant for large. As two Li atoms approach each
level. Rp becomes one continuous regionrat 12 bohr by  other, a ratio of occupation on the minor
linking the electronic drop regions due tq# electrons. (1log)*(lof)?(20%)(30%)! configuration, which makes
Coulomb repulsion due to4, electron is relatively small, contribution of 50% occupation at the dissociation limit, de-
and therefore, the optimized length of Li—Li bond is the creases more rapidly as compared with occupation on the
shortest in Fig. 1. minor configuration for thell, state. For very smalt, a

1 1
0.9-] 0.9
0.8; 0.81
0.7; 0.7{
S 0.6 § o6
" 5
S 0.5 — S 0.5 _]
% P = —
o e Q 1 -~
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] /7 ] Yy
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FIG. 5. Ratio of occupation on configurations for tAH, state of Lj

FIG. 7. Ratio of occupation on configurations for tfE state of Lj

molecule at the MRCI level. Solid line and dashed line denote the configumolecule at the MRCI level. Solid line, dashed line, and dotted line denote

rations of (ry)*(107)%(209) (1m)* and (og)%(1o})%(20%) (1mg)t,

respectively.
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FIG. 8. Map ofn(f) and 75(F) (arrows at the MRCI level for the’s. 0.1-] /
state of L, molecule, where a diatomic distance is 15.0 bohr. \

. . . . . r [bohr]
ratio of occupation on the main configuration is reduced to

80% because of the large repulsion due @;2and 3o, FIG. 9. Ratio of occupation on configurations for tAH, state of Lj
electrons. and the occupation of dé) 2(10_*)2(177 )g molecule at the MRCI level. Solid line and dashed line denote the configu-
, u u : 2 *\2 1 *\1 2 *\2 *\1 1
(2m,)* configuration can be observed. Figure 8 shows thégggzztic\’lgl(y]frg) (Loy)"(209) (1mg)" and (1og)(Lou)*(20u) (1 m)",
kinetic-energy density and the tension density for the
state inr =15 bohr at the MRCI leveRRp becomes one con-
tinuous region at ~15 bohr, and the increase of interaction . .
by the linkage ofRp at the earlier stage of bond formation interaction clearly. When the separated tiRgs connect to

can explain the result that a ratio of occupation on the minofeach other for L4 molecule, ratios of occupation on configu-

) . . rations change rapidly not only in Fig. 3 but also in Figs. 5,
configuration decreases more rapidly. 7, and 9. TherS(f") gives new images of microscopic elec-
For the 3Hg state, it is noteworthy that the MRCI ’ ) 9 g P

potential-energy curve has no minimum. We have treatearOnlc stresses.

each of two electronic configurations, d¢§)?(1o})?

(2og)(1m5)* and (log)*(1o})?(207%) (1m,)", for the  B. Quartet states of Li ; clusters and propagation
RHF configuration. The SCF energy of the former configu-of cluster

ration is lower than that of the latter for<13 bohr, but the
difference in energy is not so large. Both of the RHF
potential-energy curves have a minimum because the ele
tronic state of théHg state for large cannot be represented
by a single Slater determinant, and as a result, the RHF e
ergies are raised extremely for largeAs shown in Fig. 9,
the main configuration of '[he°’Hg state changes place
abruptly in the range fromr~3 bohr tor~4 bohr. Forr
>4 bohr, the former configuration is main, though a ratio of
the occupation is reduced to 50% at langeOn the other
hand, forr <3 bohr, the former configuration is destabilized
by the large repulsion due toog electron, just as a ratio of
occupation on the main configuration is reduced for small
in the 32; state, and then the latter configuration becomes
main. Figure 10 shows the kinetic-energy density and the
tension density for théHg state inr =4.5 bohr at the MRCI )
level. Rp becomes one continuous regiorrai11 bohr, and :
when the Li—Li distance is relatively smaRy spreads out !;a
widely for r <7 bohr. However, some sharp cracksRf are -8
observed iRy, and therefore, it is expected easily that co- -
valent interactions over the crack &, are very hard to —10-1
achieve. This forecast for weak covalent interactions leads to  -10 -8

the fact that the potential-energy curve is repulsive. FIG. 10. Map ofny(r) and 75(r) (arrows at the MRCI level for thélll,

Thus, it is f(_)und that the shape By depends stroqgl_y state of Ly molecule, where a diatomic distance is 4.5 bohr. Map is set
on the electronic state and represents the characteristics gdrallel to them-plane.

In this section, the electronic states of the quartet Li
clusters shall be discussed. We have investigated the
f)'otential—energy curves for the colinear structure and the tri-
angular structure. Figure 11 shows potential-energy curves
"With respect to the Li—Li distance for the 3% Li, part in
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g -=R=115 FIG. 11. Potential-energy curves for
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the 3" colinear Lk cluster. It is found that théS ™ Li, state. In the triangular structures, potential energy is reduced

cluster becomes more stable as the distéRdeetween the More extremely as the distanéebetween the’S Li atom
25 Li atom and the nearer Li atom of tH& Li, molecule ~@nd the midpoints of Li atoms of thé&x, Li, molecule
shortens. Simultaneously, it is observed that the opt|m|zeéfhortens because the single occupied MB®MO) of the
Li—Li distance for the®S. Li, part with fixedR becomes >y Li, part widely overlaps the 2 unoccupied atomic or-
shorter as théS Li atom approaches In the computational bital at both ends of thp-lobe. The most stable geometry of
level in this section, the optimized Li—Li length and the bondthe B, triangular Li, cluster becomes th@ g, regular trian-
formation energy of thé3 ! Li, molecule are respectively gular structure where=6.090 bohr andR=5.274 bohr. Sta-
8.372 bohr and 0.027 eV. These results are different fronbilization energy from théS Li+%3 | Li, system is 0.327
those of the computational level in the previous section t&V, which is quite larger than that of the colinear cluster. For
some extent, but there is no problem discussing the qualitahe triangular structure, the first excited state is“hg state,
tive character of interactions amongsLsystem. The most where dissociation limit between Li andLis *P+33 .
stable geometry of th&. * colinear Lk cluster becomes the Potential energy of the most stable structure of4Ag state
D.., structure where =R=7.589 bohr. Stabilization energy (r=7.446 bohr andR=3.744 bohy is higher by 0.450 eV
from the?S Li+33 Li, system is 0.050 eV. That is, the than that of the most stabfi8, Lis cluster, that is, théA,
decrease in energy due to the linear propagation froyrid_i  triangular Li cluster is more unstable than th8 Li+33,
Li5 by the ground state of Li atom in the high-spin electronicLi, system.
state is as large as the bond formation energy of¥g Li, Here, we shall prove that the triangulagldluster in the
molecule. lowest quartet state has th;, symmetry. Figure 13 dis-
Figure 12 shows potential-energy curves with respect tglays the global lowestA’ potential energy surface for 4.
r for the®2 ! Li, part in the triangular Ly cluster of the'B, cluster with theC, symmetry in the vicinity of thé 5, regu-

-22.293
-22.295 |
—+—R =200
-22297 | R =90
o \\‘\’\‘WM —R=35
(53
% 22299 | M TTReSS
= *R=75 FIG. 12. Potential-energy curves for
A 23,301 *R=70 the “B, triangular Li cluster system
g e —+—R=6.5 with respect to the Li—Li distance r for
——R=60 the 33! Li, part at the MRCI level.
-22.303 —#R=55
—=—R=5.0
-22.305
-22.307
5 5.5 6 6.5 7 7.5 8 8.5 9
r [bohr]
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FIG. 13. Global lowestA’ potential-energy surface for § tluster with theC symmetry:(a) displacements of th€, structure, and potential-energy surface
maps with keepingb) x=0, (c) r=6.090 bohr, andd) R=5.274 bohr, respectively. Contours are drawn ever/10 > eV. Map (b) denotes thé'B,
potential-energy surface with keeping tBg, symmetry, and the electronic state is representethgswith the D5, symmetry on the dashed line. On the
dashed line in map&) and(d), the electronic state is represented'Bs with the C,, symmetry.

lar triangular structure wherer=6.090 bohr and R

=5.274 bohr. Ax=0, the cluster has th&,, symmetry, and —T— + e _T_ T e
then, the electronic state is representedBs. It is clearly

found that theD 5, structure without any structural distortion + a' ‘H_ a'

is located at the minimum of the global lowést’ potential-

energy surface. In thB g, structure, the degenerate MOs can

be observed, and the occupation on each one of the degen-

erate MOs is identical with that on the other for th&g, state _H__H;‘H_ %_H_‘H_
(“B, state in theC,, symmetry, as shown in Fig. 14).

Therefore, the Jahn-Teller distortion, which is associated (@) (b)
with removal of the MO degeneracy, cannot occur in‘thé

state with theD 3, symmetry. On the other hand, it has beer?FIG. 14. Electronic configurations for tHRs, Li; cluster in(a) the high-
reported that the symmetry of the most stable structure 0f Lispin and(b) the low-spin states.
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FIG. 15. Maps ofn(F) and 75(F) (arrow at the MRCI level for(a) the 32377 ‘ ‘ ‘
43* colinear Li cluster withR=11.0 bohr,r=7.5 bohr and(b) the “B, 0 5 10 15 20
triangular L cluster withR=10.0 bohr,r =6.0 bohr. + [bohr]

FIG. 16. Potential-energy curves for each electronic state ghthdecule at
the MRCI levels. Curves by solid line and dashed line, respectively, denote

cluster in the low-spin electronic state m®t Dy, but C,,  the triplet states and the singlet states.
because of the Jahn—Teller effect: the largest bond angle is

about 73°71% The MO degeneracy has been removed byan ular pyramidal structure for the low-spin electronic state
occupation of the doublet state as shown in Figib},4and 9 Py P

; 1-38 ; ;
therefore, the Jahn—Teller distortion is effective for the trlan-Of Lis clusters™~**However, fqr the qgmtet electronic state,
) ; . the most stable structure of Lcluster is theTy regular tet-
gular structure in the low-spin electronic state. . i
5 bt s rahedral structure, where the electronic statéAis and the
Examples ofn(r) and 7(r) for the "X~ colinear and Li—Li distance is 5.822 bohr. Th&y structure has the triple
the*B,, triangular structures are shown in Fig. 15. The shap ) ' d P

e .
- . nerate MOs, and th cupation on each one of the de-
of Rp indicates clearly that these electronic states are estalgj—ege erate MOs, and the occupation on each one of the de

: o : " generate MOs is identical with that on the others for the
tiSh?go?g g&gmgotrhizgtftigeu i?ti(; mogosé?f;“ t;t&aéel_ci)f quintet®A, state. Therefore, the Jahn—Teller distortion is in-
2 . 1

. . . . . effective, similarly as in the quart&gy, structure. Stabiliza-
atom interacts with Li molecule just as two Li atoms do . f he?S Li+4 ; .
with each other in théS. Li, molecule. Thus, the stabili- o SNeray from the’S Li+7B, Lig system is 0.773 eV,
zation energy due to for;jnaticz)n of'g " cé)linear, Lk cluster which is bigger than twice of that of the most stablg Li
from a Li at?))r/n and 35 Li, molecule results in ;S larae as cluster. Potential energies of stalide,, rhombic structures,
the formation energy ouf théE* Li. molecule. For thé‘gB °A, and®Bgg, are higher by 0.453 and 0.712 eV than that of

. u -'2 ; "2 theT structure, respectively. Accordingly, it is expected that

state,Rp around theéS Li atom andRp, around the’s | Li, d b y gy P

lecule touch and f i on Rt even the most initial stage of cluster propagation would pro-
maolecule fouch and form one continuous region ceed not to a board but to a sphere, and there, stabilization

~10 bohr. T_he connection oceurs not on the pgrpendlculaénergy due to taking in a Li atom is raised as the number of
to the Li, axis but at two points on equilateral lines of the atoms in Lj, cluster increases far=1, 2, and 3

triangle. When the Li atom draws near to the hiolecule,
Rp has unified completely as it surrounds the frame of tri- ) _ :
angle. In thisRy, three valence electrons can move aroundc' High-spin states of sodium clusters

the triangle freely, and remarkable stabilization of the system  Figure 16 shows the potential-energy curves for each
can be estimated due to delocalization of valence electronslectronic state of Namolecule at the MRCI level. Similarly

As a result, a L cluster has a triangular structure ratheras L, molecule, minimum on the potential-energy curve of

than a colinear one in high-spin electronic state. Next, we'S.| state appears at the MCSCF and the MRCI levels. The
shall discuss formation of quintet Jtlusters from thé'A) optimized Na—Na length and the bond formation-energy are
triangular L cluster. It has been reported that thg, rhom-  listed in Table Il. Compared with the potential-energy curves
bic planar structure is more stable than tbg, regular tri-  of Li, molecule, it is clearly found thail) the bond forma-
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TABLE II. Optimized length and bond formation energy of Nat the TABLE lII. Interatomic distances and stabilization energies in high-spin
MRCI level with Roos’ extended Gaussian basis set. state cluster formation of lithium and sodium at the MRCI level with
6-31G" basis set.

Absolute energyHartree

Bond

Optimized  formation in optimized in dissociation L Na
State length(bohn energy(eV) length limit M= M-M distance Stabilization M-M distance Stabilization
35 5922 0.758  —323.75257 —323.724 71 {S+29) State  (bohp  enmergy(eV) ~ (bohp  energy(eV)
O 9.512 0.034  —323.72596 —323.724 71 {S+2S) M, 33} 8.372 0.027 10.493 0.013
*, 5.968 1.185 32369471 —323.65115{S+°P) M, 437 7.589 0.050 10.192 0.016
DM 6.999 1.025  —323.68883 —323.651 15 {S+2P) A, 6.090 0.32% 8.257 0.068
3y 7.258 0.613  —323.67366 —323.651 15 {S+2P) M, SA, 5.822 0.778 7.413 0.302
1, 6.591 0.327 —323.66315 —323.651 15 {S+2P)
1, 8.543 0.166  —323.657 26 —323.651 15 {S+2P) 3Stabilization energy fromS M+2S M.
*I, “e e —323.651 15 {S+2P) PStabilization energy frodS M+33 ' M,.

‘Stabilization energy fromMS M+4A} M.

tion energies for each electronic state of;Neolecule are  tions by using the 6-31Gbasis set are tabulated in Table |I.
less than the corresponding electronic state f LP) the |t can be concluded that the stabilization in formation of

potential-energy curve ofll, state does not cross that of |ithjum clusters is much superior to that of sodium clusters.
330 state in Na. The former means that the interaction

between Na atoms is smaller than the interaction between Lj
atoms, and the latter is caused by the high excitation energ
of Na atom, from?S state to?P state. As a result, a quite We have carried ouéb initio calculations for Lj and
large absolute energy difference between B¢ state and Na, clusters =2-4) for various high-spin electronic
the 3I1,, state appears in the Nanolecule. Under the strong states by the MRCI method, and have elucidated the interac-
magnetic field, theP state of atom and théll, state of tion between atoms in terms of the quantum-mechanical en-
diatomic molecule suffer from the Zeeman effect, and thereergy densitie¥ based on the regional density functional
it is expected that théll, state can be selected more easilytheory®®*~*° In particular, the electronic kinetic-energy den-
for Li, molecule as a deep potential well, because the absaity n+(F) and the electronic tension densiy() have been
lute 33 —3I1, energy difference is small. However, it applied to the local electronic nature in the formation of
would be hard to take the Mamolecule in the®Il, state lithium clusters. When the separated tRgs in the L, mol-
because théEJ—3Hu energy difference is large. For the ecule touch, it is observed that ratios of occupation on con-
detailed discussion, the electronic-state calculations of spdigurations change rapidly; for example, a ratio of the occu-
cies in strong magnetic field are requiréd®° pation on the excited configurations, which intensify the
Moreover, we have investigated the optimized structuregovalent interaction between Li atoms, starts to increase rap-
of colinear and triangular Naclusters in the quartet state. idly in the continuousRp as two Li atoms approach for the
Similarly as the Li clusters, the most stable state of the33 state of the Li molecule. These results are considered
colinear Na and the triangular Nais *S " and“B,, respec- as one of the evidences that valence electrons can move
tively. The colinear Na cluster becomes thB.., structure  around both two Li atoms freely in the meaning of classical
by geometry optimization wheme= R=10.192 bohr, and the mechanics. The shape & depends strongly on the elec-
stabilization energy from théS Na+33, Na, system is tronic state and represents the characteristics of interaction
0.016 eV. It is found that to the linear propagation fromyNa clearly, in particular, for the repulsive interaction like the
to Na; by the ground state of Na atom in the high-spin eIec-31'[g state of L, molecule. TherS(F) also gives new images
tronic state stabilizes the system to a similar extent as thef microscopic electronic stresses.
bond formation energy of th%EJ Na molecule, 0.013 eV Furthermore, we have discussed the propagation of Li
(with optimized length 10.493 bohiin the computational cluster for the high-spin electronic state according to the re-
level of Na calculations. The triangular Na&luster becomes sults of calculations for the quintet states of, kluster sys-
the D3y, regular triangular structure where=8.257 bohr and tem. We have clarified that the most stable structure gf Li
R=7.151 bohr by geometry optimization, and the stabiliza-and Li, cluster systems has tHe;, symmetry and thel 4
tion energy from theéS Na+33 Na, system is 0.063 eV. symmetry for the high-spin electronic state, respectively.
The Jahn—Teller distortion is ineffective, similarly as in the This result is different from the results for the low-spin elec-
triangular L cluster. This stabilization energy is quite larger tronic state’ =8 Particularly, it is important that the most
than that of the colinear Necluster, but it is also less than stable Lj, structure is not planar. The stabilization energy due
that of the triangulafA} Li, cluster. We have also discussed to taking in a Li atom is raised step by step as the number of
the formation of quintet Nacluster from the!A} Nag cluster — atoms in Lj, cluster increases in the initial stage of cluster
and the’S Na atom. The most stable structure of quintet Na propagation. It is considered that the most initial stage of
cluster is theT 4 regular tetrahedral structure, where the elec-cluster propagation would proceed smoothly by spherical.
tronic state is°A;, equally as Lj cluster. The optimized We have also calculated sodium clusters for the high-
Na—Na distance is 7.413 bohr and stabilization energy fronspin electronic state, and distinguishing characteristics of in-
the S Na+“B, Nag system is 0.302 eV. Results of calcula- teraction in lithium clusters from other alkali metals have

. CONCLUSIONS
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