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Nature of binding in the alkaline–earth clusters: Be 3, Mg3, and Ca3
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The study of the interaction energy and its many-body decomposition in a broad distance interval for
the Ben , Mgn , and Can (n52,3) clusters at the SCF and MP4 levels are performed. A comparative
analysis of the obtained results allows one to conclude that the only stabilization factor in the dimers
is the dispersion forces. So, the alkaline–earth dimers can be attributed to the van der Waals
molecules. The trimers are stabilized by the two-body localized dispersion forces and three-body
delocalized exchange forces. The binding in the alkaline–earth trimers has a mixed physical~van
der Waals! and chemical~nonadditive exchange! nature. An NBO population analysis reveals a
relatively largep-population in all clusters. A surprisingly largep-population at the MP4 level is
also obtained for the isolated atoms. ©2000 American Institute of Physics.
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I. INTRODUCTION

It is well known that noble gas atoms are bound by v
der Waals forces. This results in a weak bond. The wea
measured bond was found in He2: the dissociation energy i
D051.2 mK or 2.38•1026 kcal/mol ~Ref. 1! ~the well depth
is larger and equals 0.02 kcal/mol!. Even in bulk, the noble
gas atoms have such small cohesive energy that they are
to form solids only at low temperatures, and He rema
liquid at all temperatures. This is a consequence of
closed-shell electronic structure of the noble gas eleme
On the other hand, the alkaline earth elements Be, Mg,
etc. have a closed electronic subshell, (ns2), but form solids
with a quite large cohesive energy, see Table I. The cohe
energy in the solid Be equals 3.32 eV/atom which is lar
than that in solids of open one-valence ns shell atoms
~1.63 eV/atoms!, Na ~1.10 eV/atom!, and Cu~1.0 eV/atom!.

The dimers of Be, Mg, and Ca are very weakly bound
the electron correlation effects@at the self-consistent field
~SCF! level they are not stable#. Thus, the alkaline–earth
dimers can be attributed to the van der Waals molecules.
situation is changed in many-atom clusters, even in trim
~Table II!. This is evidently a manifestation of the man
body effects. The crucial role of the three-body forces in
stabilization of the Ben clusters was previously revealed
the SCF level.2–4 More recently it was established at th

a!Author to whom correspondence should be addressed. Electronic
kaplan@fenix.ifisicacu.unam.mx
6240021-9606/2000/113(15)/6245/8/$17.00

Downloaded 08 Mar 2001 to 132.248.12.227. Redistribution subject t
n
st

ble
s
e
ts.
a,

ve
r
i

y

he
rs

e

Møller–Plesset perturbation theory level up to the fourth
der ~MP4!.5,6 The study of binding in the Ben clusters7–9

revealed that the three-body exchange forces are attra
and give an important contribution to the attractive two-bo
dispersion forces. The latter at equilibrium distances are
most completely compensated by the repulsive two-body
change forces. This makes the role of the three-body
change attraction even more important.

In order to reveal the details of binding in the alkalin
earth clusters, it is important to carry out a comparative stu
of binding in clusters of Be, Mg, and Ca. There are ma
publications, in addition to those cited above, devoted
calculations of alkaline–earth clusters, see Refs. 10–21,
references therein. But in most of these studies, differ
computational approachs were applied to calculate the ge
etry and binding energy. The nature of binding in these cl
ters was not studied. The only exception, to the best of
knowledge, are two works by Bauschlicheret al.10,11 In their
study of alkaline–earth clusters, the authors came to the c
clusion that the promotion of atomic electrons fromns to np
orbitals leading to hybridization is a major mechanism
sponsible for the binding in the alkaline earth compoun
Later on, we will discuss this concept in the connection w
our results.

In the present paper, we present the results of accu
calculations at the Møller–Plesset electron correlation le
of the distance dependence of the interaction energy an
many-body decomposition for the Ben , Mgn , and Can (n
il:
5 © 2000 American Institute of Physics

o AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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52,3) clusters using a reasonably large basis set@6-311
1G(3d f )#. The calculations are performed also at the S
level for study the electron correlation contributions to t
total interaction energy and its many-body parts. All clust
are calculated at the same level of approximation which
accurate enough to allow meaningful comparisons am
clusters with different atoms.

The plan of this paper is as follows: In Sec. II we d
scribe the computational method and present the basic
mulas for the energy decomposition. In Sec. III we analy
the numerical results obtained and give a comparative
cussion of the nature of binding in the alkaline–earth cl
ters. A summary and the conclusions of our study are gi
in Sec. IV.

II. COMPUTATIONAL METHOD AND BASIC
FORMULAS FOR ENERGY DECOMPOSITIONS

The calculations presented here were performed wit
standard 6-3111G(3d f ) basis set.29–31 The potential en-
ergy surfaces scan was performed by means of the Møl
Plesset perturbation theory up to the fourth order~MP4! in
the frozen core approximation.32,33 The interaction energie
were corrected for the basis set superposition error~BSSE!
applying the Boys and Bernardi scheme,34 in which the
three-body interactions were determined within the trim

TABLE I. Some properties of alkaline earth atoms and solids.

Atoms Solids

Polarizability
10224 cm3 a DEat , kcal/molb ^r nl&

c Ec , kcal/mold Tm , Kd

Be 5.6 2s2→2s2p 3P0 ^r 2s&52.65 76.5 1562
62.84

Mg 10.6 3s2→3s3p 3P0 ^r 3s&53.25 34.7 922
62.47

Ca 22.8–25.0 4s2→4s4p 3P0 ^r 4s&54.22 42.5 1113
43.34
4s2→4s3d 3D
58.14

aReference 22.
bReference 23.
cReference 24.
dReference 25.
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basis set.35 The electronic density distribution was studie
within the population analysis scheme based on the nat
bond orbitals.36,37 Population analysis was performed for th
SCF density and the MP4~SDQ! generalized density deter
mined by applying theZ-vector concept.38 These data and al
other results presented in this work were obtained by uti
ing theGAUSSIAN-98 code.39

The quality of the calculations were assured by a co
parison with the Møller–Plesset calculations with no froz
core, 1s2 frozen, and 1s22s22p6 frozen core electrons fo
Be, Mg, and Ca clusters, respectively. The inclusion of m
electrons in the correlation energy calculations slightly lo
ers two- as well as three-body interaction energies. The la
est frozen space in the case of Ca clusters leads to
energy changes around 10% and does not affect the qua
tive picture of the interactions studied. The test calculatio
were also performed by the coupled cluster method w
single and double substitutions from the Hartree–Fock de
minant and with inclusion of triple excitations noniterativel
CCSD~T!.40,41 The calculated interaction energies are with
few percent of those of the Møller–Plesset calculations,
dicating that the choice of the MP4~SDTQ! approach is well
justified as a basic tool for the presented studies.

In Table II we present the results of our calculations
the equilibrium geometry and binding energy together w
published data. A comparison of our results with literatu
data indicates a quite satisfactory agreement. The value
the binding energy for the Be3 and Mg3 trimers are very
close to the best estimations in Ref. 18.

In all variational methods, the interaction energy is n
calculated directly even if the Møller–Plesset perturbat
theory is used. The interaction energy is expressed as
difference,

Eint~N!5E~N!2NEa , ~1!

where E(N) is the total energy of clusterAN ; Ea is the
atomic energy calculated at the same level of accuracy
E(N). For taking into account the BSSE, the atomic ene
in Eq. ~1! was calculated using the dimer basis set forN
52 and the trimer basis set forN53.

In order to check the convergence of the MP pertur
tion series, we calculated separately the perturbation co
butions«MP

(n) to the interaction energy in each order,
66
TABLE II. Comparison of our calculations with literature data for the equilibrium geometry; distances are in Å, energies are in kcal/mol,Eb52Eint .

Refs. Method of calculation

Be2 Be3 Mg2 Mg3 Ca2 Ca3

r 0 Eb r 0 Eb r 0 Eb r 0 Eb r 0 Eb r 0 Eb

12 CASSCF/CI 2.50 1.86 2.23 19.02
14 MRCI 2.22 22.4 3.37 6.3
19 MP4~SDTQ! 2.23 21.6
18 Best estimations

based on MP2-R12
2.20 26.9 3.37 8.0

11 CI 3.97 11.53
17 MRCI 4.16 12.10
26 Experiment 2.45 2.2660.08
27, 28 Experiment 3.89 1.15760.003
this
work

MP4~SDTQ! 2.56 1.83 2.24 25.90 3.92 1.09 3.32 7.12 4.56 2.14 4.12 11.
o AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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«MP
2 5Eint

MP22Eint
SCF,

«MP
~3!5Eint

MP32Eint
MP2, ~2!

«MP
~4!5Eint

MP42Eint
MP3.

According to its definition, the correlation energy at the M
level is equal to

DEcorr5Eint
MP42Eint

SCF5 (
n52

4

«MP
~4! . ~3!

In Table III we present«MP
(n) for the three calculated dimers

Be2, Mg2, and Ca2. At all distances the convergence is qu
good.

Let us express the MP series as the ratios to the sec
order contribution

TABLE III. Contributions to the interaction energy of dimers at differe
levels of calculation,DEcorr5«MP

(2)1«MP
(3)1«MP

(4) , DEint
MP45Eint

SCF1DEcorr; en-
ergies are in kcal/mol.

r, Å Eint
SCF «MP

(2) «MP
(3) «MP

(4) DEcorr Eint
MP4

~a! Be2

1.5 103.87 217.38 24.37 23.01 224.762 79.106
2.0 22.54 212.39 22.04 21.39 215.81 6.73
2.5 6.82 27.21 20.89 20.50 28.60 21.78
3.0 3.00 23.78 20.43 20.07 24.29 21.29
3.5 1.35 21.96 20.24 0.03 22.18 20.83
4.0 0.56 21.05 20.15 0.03 21.17 20.61
4.5 0.21 20.57 20.09 0.02 20.64 20.43
5.0 0.07 20.31 20.06 0.01 20.36 20.29
5.5 0.02 20.18 20.02 0.00 20.20 20.18
6.0 0.00 20.10 20.02 0.00 20.11 20.11
6.5 0.00 20.06 20.01 0.00 20.06 20.06
7.0 0.00 20.04 0.00 0.00 20.04 20.04

~b! Mg2

1.5 269.89 211.65 22.73 21.45 215.83 254.06
2.0 94.39 29.76 21.96 21.00 212.73 81.66
2.5 30.22 27.80 21.38 20.68 29.86 20.36
3.0 9.84 25.52 20.85 20.38 26.75 3.09
3.5 3.55 23.54 20.50 20.16 24.20 20.65
4.0 1.40 22.16 20.29 20.04 22.49 21.08
4.5 0.58 21.30 20.16 20.02 21.48 20.90
5.0 0.23 20.75 20.12 0.00 20.87 20.65
5.5 0.08 20.44 20.07 0.00 20.51 20.43
6.0 0.04 20.29 20.05 0.00 20.33 20.29
6.5 0.00 20.17 20.02 0.00 20.19 20.18
7.0 0.00 20.12 20.01 0.00 20.12 20.12
8.0 0.00 20.04 0.00 0.00 20.04 20.04

~c! Ca2

2.5 95.07 26.91 22.05 21.19 210.15 84.92
3.0 37.68 25.95 21.38 20.84 28.17 29.51
3.5 13.07 24.88 21.00 20.56 26.44 6.63
4.0 4.12 23.73 20.72 20.35 24.80 20.68
4.5 1.22 22.68 20.48 20.19 23.35 22.13
5.0 0.38 21.85 20.29 20.09 22.23 21.85
5.5 0.14 21.23 20.18 20.04 21.45 21.31
6.0 0.06 20.80 20.12 0.00 20.92 20.86
6.5 0.02 20.53 20.06 0.00 20.59 20.57
7.0 0.01 20.34 20.05 0.00 20.39 20.38
8.0 0.00 20.15 20.02 0.00 20.17 20.17
9.0 0.00 20.06 20.02 0.00 20.08 20.08

10.0 0.00 20.04 0.00 0.00 20.04 20.04
Downloaded 08 Mar 2001 to 132.248.12.227. Redistribution subject t
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DEcorr5«MP
~2!S 11

«MP
~3!

«MP
~2! 1

«MP
~4!

«MP
~2! D . ~4!

At the equilibrium distance~Table IV!, the MP series~4! are
the following:

Be2:«MP
~2!~110.1210.06!,

Mg2:«MP
~2!~110.1410.03!, ~5!

Ca2:«MP
~2!~110.1810.07!.

Thus, the limitation of our calculations to the MP4 level
quite justified.

The many-body decomposition of the interaction ene
at different approximations is performed according to t
general definitions, see Refs. 42, 5. For trimers we have o
the two- and three-body interaction energies. In the hom
atomic case they are represented by the following formu

E2~A3!5 (
a,b

«ab , ~6!

«ab5E~ab!22Ea , ~7!

whereE(ab) is the total energy of two atoms at the distan
they have in the trimerabc. In a general case of a nonsym
metrical triangle, the sum~6! contains three different two
body interaction energies. The three-body interaction ene
is defined as the difference

E3~A3!5E~A3!2E2~A3!23Ea , ~8!

whereE(A3) denotes the total energy of trimerA3 .
Formulas~6!–~8! were applied to the calculations of th

two- and three-body contributions to the interaction ene
at the SCF and MP4 levels and for the decomposition of
electron correlation energy.

III. NUMERICAL RESULTS AND DISCUSSION

As follows from Table III, the interaction energy at th
SCF level is positive for all three dimers at all distances. I
the electron correlation energy that stabilized the clo
subshell-atom dimers. The potential energy curves are v
shallow with the depths of the well about several kcal/m
The equilibrium distance rises fromr 052.56 Å for Be2 to
r 054.56 Å for Ca2. The increase of the equilibrium distanc
in the row Be2, Mg2, and Ca2 is well correlated with an
increase in the average radius of the atomic valence s
~Table I!. However, the binding energy does not have su
monotonic behavior. The decrease ofEb from 1.83 kcal/mol

TABLE IV. Interaction energy for dimers at the equilibrium distance
different levels of calculation, in kcal/mol.

Dimers Eint
SCF «MP

(2) «MP
(3) «MP

(4) DEcorr Eint
MP4

Be2

r 052.56 Å
6.12 26.71 20.81 20.43 27.94 21.83

Mg2

r 053.92 Å
1.62 22.34 20.32 20.06 22.72 21.09

Ca2

r 054.56 Å
1.05 22.56 20.46 20.17 23.19 22.14
o AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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for Be2 to 1.09 kcal/mol for Mg2 alters on the increase ofEb

to 2.14 kcal/mol for Ca2. The equilibrium distance for Ca2 is
very large~4.56 Å!, and it could be expected that the bon
will be weaker than in Mg2. But this is not a case, the in
crease of the equilibrium distance compared with that in M2

does not lead to a weaker bond. It is explained by the sma
repulsive SCF energy and the larger correlation attractio
the equilibrium distances in the Ca2 dimers, in respect to the
Mg2 dimer, see Table IV. The same nonmonotonic behav
takes place for the binding energy of the trimers;Eb525.9,
7.12, and 11.66 kcal/mol for Be3, Mg3, and Ca3, respectively
~Table II!. It can be expected that this trend is also preser
in large clusters because in solid alkaline earths the cohe
energy and melting temperature show similar behav
~Table I!.

It is well known that physical contributions to the SC
energy can be classified as the electrostatic, exchange, in
tion, and some additional interactions not having such c
physical meaning.42–44Atoms with closed subshells have n
multipole moments and their electrostatic and induction
teractions have a pure overlap origin from which follow
their short-range character. The exchange interaction
tween atoms with closed subshells~or almost closed, as we
will see later, for the alkaline atoms, this is the case! is re-
pulsive, as in the noble-gas atom systems. All this lead
the unstability of the alkaline earth dimers at the SCF
proximation. They are stabilized by the attractive electr
correlation forces.

At large distances, the electron correlation energy can
interpreted as a dispersion energy. At intermediate distan
where the overlap of the atomic valence shells becomes
sential, the dispersion forces cannot be defined without
lowing for exchange effects. At these distances the multip
expansion is not valid.42 It is instructive to compare the mag
nitudes of the pure dispersion energy and the electron co
lation energy at different distances.

The energy of the dispersion interaction between t
atoms can be presented with fine precision as a sum of t
terms,

E2
disp52S C6

r 6 1
C8

r 8 1
C10

r 10 D , ~9!

where the dipole–dipole (r 26), dipole–quadrupole (r 28),
and dipole–octupole plus quadrupole–quadrupole (r 210)
dispersion interactions are taken into account. The disper
coefficientsCn for the Be, Mg, and Ca atoms were estimat
in Ref. 45 by the Pade´ approximate method. Using the value
of Cn converted to@(kcal/mol)Ån# units, we have found the
sum~9! at equilibrium and large distances and compare i
Table V withDEcorr from Tables III and IV. As follows from
Table V, at large distances the electron correlation ene
coincides with the pure dispersion energy with very go
precision; for Be2 at r>5 Å, for Mg2 at r>6 Å, and for Ca2
at r>9 Å.

At equilibrium distances, the absolute value of the pu
dispersion energy is much larger~in the case of Be2 in 10
times!! thanDEcorr. This means that the exchange and ov
lap contributions to the electron correlation energy are rep
sive and cause a decrease in the dispersion attraction
Downloaded 08 Mar 2001 to 132.248.12.227. Redistribution subject t
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large distances, the dispersion energy in Ca2 is about five
times larger than that in Mg2. This is correlated with the
larger value of the polarizability of the Ca atom compar
with the Mg atom~Table I!.

Let us now turn to the trimers. In Table VI we prese
the interaction energy and its many-body decomposition
trimers Be3, Mg3, and Ca3 in the equilateral triangle confor
mation in a wide distance range. The trimers as well
dimers are not stable in the SCF approximation. The S
energy is positive at all calculated distances. On the ot
hand, the electron correlation corrections are negative
lead to stabilization of the alkaline–earth trimers. A mo
detailed analysis of the nature of binding is based on
many-body decomposition of the interaction energy,

Eint
MP4~A3!5E2

MP4~A3!1E3
MP4~A3!, ~10!

which is presented in Tables VI and VII.
The three-body interaction energyE3

MP4 is negative for
all distances whileE2

MP4 at small distances is positive an
becomes negative at distances near equilibrium and lar
The ratiouE3

MP4/E2
MP4u passes with distance through a max

mum. For Be3 and Mg3 this maximum is located near th
equilibrium distance. The extremely large values of the ra
of the three-body to two-body energy for the equilibriu
conformations of Be3 and Mg3 ~see Table VII! is connected
with almost zero values of the two-body interaction energ
@the equilibrium distance in the Be3 and Mg3 equilateral tri-
angle is located in the vicinity of the intersection of th
E2(3) potential curve and the abscissa axis#. Thus, in the
frame of the many-body decomposition of the interacti
energy, we have to conclude that for the Be3 and Mg3 trim-
ers, the dominant factor of their stability are the three-bo
forces. For the Ca3 trimer, the two-body contribution to the
interaction energy is non-negligible and amounts to 38%
though the three-body interactions are a main contributo
the stability of the cluster.

As discussed above, the equilibrium distances for
dimers are rather large, especially for Mg2 and Ca2. The
addition of one more atom leads to a decrement in the e
librium interatomic distance. In an equilateral triangle~the
conformation which is the most stable conformation in t
case of close-subshell-atom trimers! according to our calcu-
lations, the largest reduction, 0.6 Å, is revealed for Mg3.
However, for Be3 and Ca3, the reduction is also large

TABLE V. Comparison ofE2
disp, Eq. ~9!, with DEcorr for equilibrium and

large distances, in kcal/mol.

r, Å

Be2 Mg2 Ca2

E2
disp DEcorr E2

disp DEcorr E2
disp DEcorr

2.56 279.62 27.94
3.92 28.95 22.27
4.56 214.40 23.19
5.00 20.35 20.36 21.29 20.87 26.85 22.23
6.00 20.10 20.11 20.35 20.33 21.68 20.92
7.00 20.03 20.04 20.11 20.12 20.55 20.39
8.00 20.04 20.04 20.22 20.17
9.00 20.10 20.08

10.0 20.05 20.04
o AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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TABLE VI. Many-body energy decomposition for trimers in the equilateral triangle conformation (C3v) at the
SCF and MP4 levels; energies are in kcal/mol.

r, Å DEint
MP4 Eint

SCF DEcorr E2
MP4 E2

SCF DE2
corr E3

MP4 E3
SCF DE3

corr
UE3

MP4

E2
MP4U

~a! Be3

1.5 121.90 147.02 225.12 236.57 311.59 275.02 2114.67 2164.57 49.90 0.48
2.0 218.41 6.39 224.80 19.79 67.62 247.84 238.19 261.23 23.04 1.93
2.5 221.52 2.54 224.07 25.52 20.46 225.98 216.01 217.92 1.91 2.90
3.0 28.52 4.27 212.79 23.99 8.98 212.97 24.52 24.71 0.18 1.13
3.5 23.56 2.81 26.38 22.60 4.07 26.66 20.97 21.26 0.29 0.37
4.0 22.03 1.37 23.39 21.84 1.69 23.54 20.18 20.33 0.14 0.10
4.5 21.32 0.55 21.87 21.32 0.62 21.94 0.00 20.07 0.07 0.00
5.0 20.84 0.19 21.04 20.85 0.20 21.05 0.00 0.00 0.00 0.00
5.5 20.52 0.06 20.58 20.53 0.05 20.58 0.00 0.00 0.00 0.00
6.0 20.33 0.02 20.35 20.36 0.00 20.36 0.00 0.00 0.00 0.00
6.5 20.21 0.00 20.21 20.21 0.00 20.21 0.00 0.00 0.00 0.00
7.0 20.13 0.00 20.13 20.13 0.00 20.13 0.00 0.00 0.00 0.00

~b! Mg3

1.5 654.51 691.49 239.98 761.43 809.33 247.89 2106.92 2117.83 10.91 0.14
2.0 178.22 209.51 231.29 244.55 283.14 238.59 266.33 273.63 7.30 0.27
2.5 28.75 55.61 226.85 60.81 90.63 229.82 232.05 235.02 2.97 0.53
3.0 24.42 15.86 220.28 9.09 29.54 220.44 213.52 213.68 0.16 1.49
3.5 26.81 5.88 212.69 22.10 10.62 212.73 24.71 24.74 0.03 2.24
4.0 24.73 2.66 27.39 23.39 4.20 27.59 21.34 21.54 0.19 0.40
4.5 23.07 1.24 24.31 22.75 1.71 24.46 20.33 20.48 0.15 0.12
5.0 22.02 0.55 22.57 21.98 0.68 22.65 20.05 20.13 0.08 0.03
5.5 21.35 0.22 21.57 21.34 0.24 21.58 0.00 20.03 0.03 0.00
6.0 20.88 0.09 20.97 20.87 0.09 20.96 0.00 0.00 0.00 0.00
6.5 20.61 0.00 20.61 20.58 0.00 20.58 0.00 0.00 0.00 0.00
7.0 20.37 0.00 20.37 20.36 0.00 20.36 0.00 0.00 0.00 0.00

~c! Ca3

2.5 195.43 222.02 226.59 253.26 284.99 231.72 257.84 262.97 5.13 0.23
3.0 51.22 73.30 222.08 87.37 112.88 225.51 236.15 239.58 3.43 0.41
3.5 0.31 18.94 218.63 19.03 39.10 220.07 218.72 220.16 1.44 0.98
4.0 211.38 3.55 214.94 22.52 12.31 214.83 28.86 28.76 20.10 3.52
4.5 210.18 0.26 210.43 26.59 3.65 210.24 23.59 23.39 20.19 0.54
5.0 26.91 20.12 26.79 25.70 1.15 26.85 21.20 21.27 0.06 0.21
5.5 24.36 20.05 24.31 23.99 0.41 24.41 20.37 20.46 0.09 0.09
6.0 22.74 0.00 22.74 22.65 0.13 22.79 20.09 20.14 0.05 0.03
6.5 21.78 0.00 21.78 21.73 0.06 21.79 0.00 0.00 0.00 0.00
7.0 21.18 0.00 21.18 21.17 0.00 21.17 0.00 0.00 0.00 0.00
o
re

th
rg
tw

ion
also
ts,

ual
enough; 0.32 Å and 0.44 Å, respectively. The explanation
this decrement is based on the interplay of the two and th
body interactions in the cluster formation;5 the attractive
three-body forces become larger with a decrease in
atom–atom distances while the two-body forces unde
small changes because of the relative flatness of the
body potential curves.
 Mar 2001 to 132.248.12.227. Redistribution subject t
f
e-

e
o
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In the same manner, as was done for the full interact
energy, the two- and three-body interaction energies can
be decomposed on the SCF and electron correlation par

En
MP45En

SCF1DEn
corr, n52,3. ~11!

The two-body SCF energy for an equilateral triangle is eq
to
TABLE VII. Interaction energy and the many-body decomposition at the equilibrium geometry for theC3v

symmetry, in kcal/mol.

Trimer Eint
MP4 Eint

SCF DEcorr E2
MP4 E2

SCF DE2
corr E3

MP4 E3
SCF DE3

corr

E3
MP4

E2
MP4

Be3

r 052.24 Å
225.90 0.60 226.50 20.79 35.45 236.24 225.11 234.80 9.75 31.8

Mg3

r 053.32 Å
27.12 8.06 215.18 20.15 15.00 215.15 26.97 26.94 20.03 46.5

Ca3

r 054.12 Å
211.66 2.16 213.82 24.44 9.15 213.59 27.22 26.98 20.23 1.6
o AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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E2
SCF~A3!53Eint

SCF~A2!. ~12!

It indicates that the physical sense of the two-body SCF
ergy in trimers is the same as the SCF interaction energ
dimers; it is predominantly the exchange interactions wh
are repulsive for two interacting atoms with closed subshe
The attractive contributions from the electrostatic and ind
tion energies which exist only in the overlap region are l
than the repulsive exchange contribution. This is the rea
that E2

SCF(A3) is positive for the alkaline trimers in all cal
culated distance regions.46

The different situation is in the case of the three-bo
SCF energy. The main contribution toE3

SCF(A3) is given by
the three-body exchange forces. These forces originate f
the three-atomic electron exchange which mixes electron
all three atoms. In closed-shell-atom systems, contrary to
two-body exchange forces, the three-body exchange fo
are attractive and make a contribution to the stabilization
trimers.

The two-body electron correlation energy,DE2
corr(A3),

as in the case of dimers, is reduced at large distances to
dispersion energy. At intermediate distances, it contains b
the exchange and dispersion contributions which canno
separated. The exchange effects decrease the dispersio
traction; nevertheless, the two-body electron correlation
pears as a main factor of stabilization, especially for the M3

and Ca3 trimers.
The three-body electron correlation energy,DE3

corr(A3),
at large distances can be represented as the Axilrod–T
three-body dispersion energy47

E3
dis~A3!5

C9

r ab
3 r ac

3 r bc
3 ~113 cosua cosub cosuc!. ~13!

For an equilateral triangle, Eq.~13! is transformed to

E3
disp~A3!5

11

8

C9

r ab
9 . ~14!

According to Eq.~14!, the three-body dispersion energy
positive and so isDE3

corr at large distances. At intermedia
distances, the negative contributions from the three-body
change and overlap effects can lead to negative values
DE3

corr. This is what is revealed for Ca3 and, close to the
equilibrium distances, for Mg3.

Note that the larger value of binding energ
Eb(Ca3!511.66 kcal/mol compared with Eb(Mg3!
57.12 kcal/mol in spite of the greater equilibrium distance
the Ca3 trimer is due to the smaller value of the repulsi
SCF energy for the Ca3:E2

SCF(Ca3!59.15 kal/mol and
E2

SCF(Mg3!515 kcal/mol. This results in a greater stability
Ca3 although the total attractive contribution for Ca3 is
smaller than for Mg3:DE2

corr1E3
SCF1DE3

corr5220.8 and
222.12 kcal/mol for Ca3 and Mg3, respectively~see Table
VII !.

It is instructive to study the vacant atomic orbital pop
lation in the dimers and trimers. As mentioned in the Int
duction, in the 1980s Bauschlicheret al.10,11 came to the
conclusion that the promotion ofns-electrons tonp-orbitals
leading to thesp-hybridization is the main mechanism re
sponsible for binding in the alkaline–earth clusters. T
Downloaded 08 Mar 2001 to 132.248.12.227. Redistribution subject t
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conclusion was based on study of the SCF Mulliken popu
tion analysis. At the present, we can perform more prec
analyses using the natural bond orbital~NBO! analysis and
calculate it at the electron correlation level.

In Table VIII we present the net population of valen
orbitals in dimers and trimers. We have obtained not only
p-population but partly thed-population~for the Ca clusters
to a larger extent!. The latter is correlated with experiment
atomic excitation energiesDEat.

23 According to Table I, the
energy of the 4s→3d excitation in the Ca atom is eve
smaller than thens→np excitation energies in the Be an
Mg atoms. On the other hand, there is no quantitative re
tion betweenDEat and the net population numbersDnl in
Table VIII. The magnitude ofDE(ns→np) in Be is larger
than that in Ca, nevertheless, thenp-population in the Be
clusters is larger than in the Ca clusters.

We have also calculated the NBO valence population
the MP4 level for the isolated atoms. It could be expec
that the inclusion of the electron correlation effects leads
some population of the vacant~in the SCF approximation!
atomic orbitals. But the values obtained are surprisin
large. Thep-population in the Mg and Ca atoms are on
slightly smaller than that in their dimers, and in the Be ato
the population is 0.7 of thep-population in Be2.

The calculation in Ref. 10 was performed at the SC
level. In the frame of the latter, the isolated atoms are
populated at the excited orbitals. The authors10 found the
ratio of p-population in different teramers proportional to th
ratio of their dissociation energies. However, at an elect
correlation level because of thep-population in the isolated
atoms, we cannot expect such proportionality although
amount of thep-population in trimers reflects qualitativel
the bond strength in the alkaline–earth clusters.

We also have to take into consideration that some
atom–atom interactions, which enhance the excited orb
population, lead to the antibonding state. The last statem
is confirmed by the valence orbital population at the S
level. According to Table VIII, at the SCF level there is
non-negligiblep-population, especially for trimers. But in
the SCF approximation, the dimers and trimers are
stable. Thus, the repulsive SCF interactions also lead to

TABLE VIII. The net valence population,Dnl
a for the isolated atoms and

clusters at the equilibrium geometry, obtained by the Natural Bond Orb
Analysis at the SCF and MP4 levels.

An/1

SCF MP4

ns (n11)s np nd ns (n11)s np nd

Be 0.000 0.000 0.000 0.00020.135 0.004 0.130 0.001
Be2 20.044 0.006 0.037 0.00120.199 0.008 0.185 0.006
Be3 20.257 0.005 0.246 0.00520.315 0.009 0.288 0.016
Mg 0.000 0.000 0.000 0.00020.112 0.004 0.105 0.003
Mg2 20.007 0.001 0.005 0.00020.123 0.004 0.113 0.005
Mg3 20.045 0.002 0.040 0.00220.173 0.005 0.154 0.012
Ca 0.000 0.000 0.000 0.00020.138 0.003 0.124 0.011
Ca2 20.016 0.002 0.011 0.00320.161 0.005 0.139 0.018
Ca3 20.074 0.003 0.057 0.01520.229 0.006 0.184 0.039

aFor atoms Dn1
MP4(A)5n1

MP4(A)2n1
SCF(A), for clusters Dn1

MP4(An)
5n1

MP4(An)2n1
SCF(A), the similar definition is for Dn1

SCF, therefore
Dn1

SCF(A)50.
o AIP copyright, see http://ojps.aip.org/jcpo/jcpcpyrts.html
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vacant orbitals population, although this kind of hybridiz
tion has an antibonding character. The same is true for
repulsiveDE3

corr interactions in the Be3 case.
Note that the calculations at large distances, at wh

there are mainly the pure dispersion forces, give the sa
values of thep- andd-population as for the isolated atom
thus, the pure dispersion forces without exchange contr
tions do not enhance the excited orbital population, at lea
large distances. It is also important to stress that for stu
of the influence of the interatomic interactions on the prom
tion of ns-electrons to the vacant orbitals, we have to co
sider, as a reference level, the valence orbital populatio
the isolated atoms calculated at an appropriate electron
relation level.

IV. CONCLUSIONS

The alkaline dimers and trimers studied in this work a
unstable at the SCF level. They are stabilized by the elec
correlation energy. For a comparative study of the stabi
of the closed-subshell atom clusters, we have to conside
interplay of the two interactions, exchange and dispersion
dimers the exchange interactions are repulsive. The main
bilization factor in dimers is the dispersion forces. Thus,
alkaline–earth dimers to a great extent can be attribute
van der Waals bonded molecules.

The situation in trimers is more complicated. In th
frame of the many-body decomposition, we have to concl
that the main factor in the trimer stability is the three-bo
forces; they predominate in Be3 and Mg3 and contribute
more than 60% to the binding energy in Ca3. The reason is
that at equilibrium distances the attractive two-body corre
tion interactions are almost compensated by the repul
two-body SCF interactions.

In the three-body energy, the attractive contributi
comes fromE3

SCFwhich has the exchange nature. This attra
tion is essentially larger than the three-body electron co
lation energy,DE3

corr ~Table VII!, and it provides the crucia
role of the three-body forces in the trimer stability. But if w
consider only the stabilization factors in the trimer stabil
selecting them from Table VII, we obtain the two main s
bilization energies;DE2

corr and E3
SCF. Thus, the alkaline–

earth trimers are stabilized by the two-body localized disp
sion forces and three-body delocalized exchange forces
was revealed recently for Be3 ~Refs. 6–9! and has been con
formed in this study, the binding in the alkaline–earth trim
ers has a mixed physical~van der Waals! and chemical~de-
localized exchange! nature. This type of binding, as w
expect, will be preserved in larger alkaline–earth cluster

The NBO population analysis reveals a sufficiently lar
p-population in clusters. Thisp-population does not neces
sarily lead to binding, e.g., we have obtained t
p-population also at the SCF level where studied clusters
not stable. More remarkable is the surprisingly large amo
of the p-population obtained for the isolated atoms at t
MP4 level. From this follows that the alkaline–earth atom
assumed traditionally as the closedns-subshell atoms, can to
some extent manifest the anisotropicp-symmetry behavior.
Downloaded 08 Mar 2001 to 132.248.12.227. Redistribution subject t
-
e

h
e

u-
at
es
-
-
in
or-

n
y
he
In
ta-
e
to

e

-
e

-
-

-

r-
As

-

re
nt

,

It is important to find the experimental evidences of th
theoretical finding.
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