
Chemical Physics 381 (2011) 67–71
Contents lists available at ScienceDirect

Chemical Physics

journal homepage: www.elsevier .com/locate /chemphys
Many-body forces and stability of the alkaline-earth tetramers

C.C. Díaz-Torrejón a,b, Ilya G. Kaplan c,⇑
a Centro Nacional de Supercómputo, IPICyT, A.C., Camino a la Presa San José 2055, 78216 San Luis Potosí, SLP, Mexico
b Centro de Investigación en Materiales Avanzados, S.C., Av. Miguel de Cervantes 120, 31109 Chihuahua, Chih., Mexico
c Instituto de Investigaciones en Materiales, UNAM, Apdo. Postal 70-360, 04510 México D.F., Mexico

a r t i c l e i n f o a b s t r a c t
Article history:
Received 25 August 2010
In final form 19 January 2011
Available online 26 January 2011

Keywords:
Alkaline-earth tetramers
Many-body forces
Coupled cluster method
Nature of binding
0301-0104/$ - see front matter � 2011 Elsevier B.V. A
doi:10.1016/j.chemphys.2011.01.011

⇑ Corresponding author.
E-mail address: kaplan@iim.unam.mx (I.G. Kaplan
The comparative study of the interaction energy and its many-body decomposition for Be4, Mg4, and Ca4

at the all-electron CCSD(T)/aug-cc-pVQZ level is performed. For study of dependence of the binding
energy and the orbital population on the cluster size the corresponding dimers and trimers were also cal-
culated at the same level of theory. In comparison with weakly bound dimers, the binding energy in tri-
mers and, especially, in tetramers drastically increases; e.g., Eb/N in Be3 is 7 times larger and in Be4 is 18.4
times larger than in Be2. This sharp increase is explained as a manifestation of many-body forces. As fol-
lows from the many-body decomposition, the tetramers, and trimers as well, are stabilized by the three-
body forces, whereas the two- and four-body forces are repulsive. The attractive contribution to the
three-body forces has a three-atom electron exchange origin. The latter benefits the promotion of ns-elec-
trons to np-orbitals. The natural bond orbital (NBO) population analysis reveals a relatively large np-pop-
ulation in trimers and tetramers (in Be4 it is equal to 2p0.44). The population of the valence np-orbitals
leads to the sp-hybridization providing the covalent bonding.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction in Ref. [5,6] demonstrated that it is the three-body interactions
As is well known, the noble-gas atoms interact only by the van
der Waals (dispersion) forces. This results in a very weak binding.
Even in a bulk, the noble-gas atoms have such small cohesive en-
ergy that they can form solids only at low temperature and He re-
mains liquid at all temperatures. This is the consequence of the
closed-shell electronic structure of the noble gas elements. On
the other hand, the alkaline-earth elements Be, Mg, Ca, etc., have
closed upper electronic subshell, (ns)2, but form solids with a quite
large cohesive energy. The cohesive energy in the solid Be equals
3.32 eV/atom, which is larger than that in solids of open one-
valence ns-shell atoms: Li (1.63 eV/atoms) and Na (1.10 eV/atom).

The alkaline-earth atoms have no valence electrons and it is
important to study the nature of binding in small clusters of these
elements. The dimers of Be, Mg and Ca are very weakly bound by
the dispersion forces (at the self-consistent field (SCF) level they
are not stable), therefore they can be attributed to the van der
Waals molecules. The nature of bonding is drastically changed in
many-atom clusters. This can be considered as a manifestation of
many-body effects. The crucial role of the three-body forces in
the stabilization of the Ben clusters was revealed at the SCF level
a long ago. [1,2] Then it was established at the Møller–Plesset per-
turbation theory level up to the fourth order (MP4(SDTQ)). [3,4]
The detailed MP4(SDTQ) studies of the trimers Be3, Mg3, and Ca3
ll rights reserved.
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that stabilized these trimers.
The energy of many-particle classical system is always additive,

because charges are considered as point objects and bodies are ri-
gid. The charges in atoms and molecules are distributed and they
are not rigid. The electronic structure of atoms and molecules
can be modified in different environments. Thus, in quantum
mechanics the interaction energy of many-particle system is usu-
ally nonadditive. The exchange and induction interactions are non-
additive and the dispersion interactions of the third and higher
orders as well, see Chapter 4 in Ref. [7].

The nonadditivity arising from the polarization forces is the
most evident. The third atom polarized the electronic charge distri-
bution of two others and their interaction depends on its location.
As a result, each pair interaction depends on coordinates of all
three atoms:

V r1; r2; r3ð Þ ¼ V12 r12; r13; r23ð Þ þ V13 r13; r12; r23ð Þ
þ V23 r23; r12; r13ð Þ: ð1Þ

Thus, terms in Eq. (1) cannot be considered as pure two-body inter-
actions. However, Eq. (1) can be always represented as a sum of the
two-body interactions of isolated pairs, eik, and a remainder,
depending upon coordinates of three atoms:

V r1; r2; r3ð Þ ¼ e12 r12ð Þ þ e13 r13ð Þ þ e23 r23ð Þ þ V3 r12; r13; r23ð Þ: ð2Þ

This additional term stems from the three-body interactions and is
called the three-body interaction energy.

http://dx.doi.org/10.1016/j.chemphys.2011.01.011
mailto:kaplan@iim.unam.mx
http://dx.doi.org/10.1016/j.chemphys.2011.01.011
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The alkaline-earth atoms have closed electronic shells and do
not possess multipole moments. Therefore the induction forces be-
tween them have a pure charge overlap origin, from which follows
their short-range character. It is the exchange and the dispersion
forces of the third and higher orders that give main contributions
to the nonadditive energy of alkaline-earth clusters [7]. It is impor-
tant to study the many-body decomposition for tetramers and re-
veal the role of three- and four-body forces in their stability.

There are many publications devoted to calculations of alkaline-
earth tetramers [1,8–24]. But in most of these studies, different
computational approaches were applied to calculate the equilib-
rium geometry and binding energy. The nature of binding has been
discussed only in few studies. We will discuss them in relation
with our results in Section 3.

In this paper we calculated the binding energy of the tetramers
Be4, Mg4, and Ca4 at the CCSD(T) level with the quite large aug-cc-
pVQZ basis set [25] taking into account all electrons, including in-
ner-shell electrons. Using these data we performed the many-body
decomposition and analyzed each many-body contribution. For
studying the dependence of the binding energy and the orbital
population on the cluster size, we also calculated at the same level
of theory corresponding dimers and trimers.
2. Computational method and basic formulae for the many-
body decomposition

All presented results were performed using MOLPRO 2008.1
suite of program [26] with the basis set aug-cc-pVQZ, taken di-
rectly from EMSL Basis Set Exchange web site [25]. The potential
energy surfaces (PES) were calculated by means of the Coupled
Cluster method at the CCSD(T) level [27,28] with all electrons in-
volved (the frozen-core approximation is not used). The electron
density distribution was studied by the Natural Bond Orbital
(NBO) analysis [29,30] at the MP4(SDQ) level, using the Gaussian
03 Revision D.02 suite of programs [31].

In all variational methods only the total energies are calculated.
The interaction energy of N-atomic cluster is found as a difference
of the total energy of the system E(N) and a sum of the energies of
the isolated atoms, E1(N):

EintðNÞ ¼ EðNÞ � E1ðNÞ ¼ EðNÞ �
XN

a¼1

Ea: ð3Þ

For clusters composed with the same atoms:

EintðNÞ ¼ EðNÞ � NEa: ð4Þ

The interaction energy can be represented as finite many-body
decomposition:

EintðNÞ ¼ E2ðNÞ þ E3ðNÞ þ � � � þ ENðNÞ; ð5Þ

where Ek(N) is the k-body interaction energy in N-atomic cluster.
The many-body contributions is convenient to obtain using the
recurrent procedure [7,32]:

E2ðNÞ ¼
X

a<b

EðabÞ � a1
2NE1ðNÞ; ð6Þ

E3ðNÞ ¼
X

a<b<c

EðabcÞ � a1
3NE1ðNÞ � a2

3NE2ðNÞ; ð7Þ

E4ðNÞ ¼
X

a<b<c<d

EðabcdÞ � a1
4NE1ðNÞ � a2

4NE2ðNÞ � a3
4NE3ðNÞ; ð8Þ

..

.

where the coefficients in Eqs. (6)–(8) are given by expression:

ak
mN ¼

ðN � kÞ!
ðN �mÞ!ðm� kÞ! : ð9Þ
3. Results and discussion

For study of dependence of cluster properties on the cluster size
we calculated not only tetramers, but also all smaller clusters. In
Table 1 the total energy of clusters at the equilibrium distance of
the optimized geometry, calculated at different approximation, is
represented. For trimers the optimized geometry corresponds to
the symmetry group D3h, for tetramers it corresponds to the Td

symmetry. As follows from Table 1, the negative ground-state en-
ergy, Eo, is gradually increases with increasing account of the elec-
tron correlation in employed methods. But if for dimers and
trimers the ground-state energy is the largest at the CCSD(T) level,
for tetramers the MP4(SDTQ) method gives a slightly deeper po-
tential well than the CCSD(T) approach.

The increase of the equilibrium distance in the row Ben, Mgn,
and Can is correlated with an increase in the average radius of
the atomic ns valence shell for n = 2, 3, and 4, see Ref. [33]. On
the other hand, the increase of the cluster size leads to a decrease
in an interatomic distance, Ro, for all elements. This decrement
stems from the interplay of many-body interatomic forces and will
be discuss later.

In Table 2 the interaction energy of the Ben, Mgn, and Can(n = 2–
4) clusters and the electron correlation energy at the all-electron
SCF and CCSD(T)/aug-cc-pVQZ level are represented. The electron
correlation energy was defined by Löwdin [34] as a difference be-
tween the precise value of the energy and the Hartree–Fock value.
But except for one-electron systems or simplest two-electron sys-
tems, as H2 molecule, the exact energy cannot be calculated. So, the
definition of the electron correlation energy is conventional and its
value depends upon the approximation used. At the CCSD(T) level,
the correlation energy is defined as:

DEcorrðCCSDðTÞÞ ¼ ECCSDðTÞ � ESCF: ð10Þ

All dimers and trimers are unstable at the SCF level; they are stabi-
lized by the correlation energy. In the tetramer case only Mg4 is
unstable at the SCF level and stabilized by the correlation energy,
although in the stabilization of Ca4 the correlation energy also plays
a dominant role. The Be4 is stabilized by both the SCF and the cor-
relation energies.

As is well known [7], the SCF energy can be divided on the elec-
trostatic, exchange, and induction energies. Atoms with closed
shells (and subshells) have no multipole moments and their elec-
trostatic and induction interactions have a pure overlap origin,
from which follows their short-range character. The exchange
interaction between atoms with closed electronic shells is repul-
sive, as in the noble-gas atom systems. In this connection a ques-
tion arises, what kind of energy stabilized Be4 at the SCF level?

As follows from the analysis of the many-body decomposition,
at the SCF level the three-body energy, for which the main contri-
bution stems from the three-body exchange forces, is negative and
for Be4 its absolute value is the largest, see Table 4, below we dis-
cuss this in detail.

If in dimers the binding energy, Eb ¼ �ECCSDðTÞ
int , is relatively

small, in trimers and tetramers its value rapidly increases. What
is important, the binding energy per atom also essentially in-
creases in the row: dimers, trimers, and tetramers. In comparison
with dimers, Eb/N is 7–3.5–3.5 times larger in trimers and 18–
10–7 times larger in tetramers in the consecutive order: Be–Mg–
Ca. This increase stems from the many-body forces. A large in-
crease of the binding energy in trimers is evidently the effect of
the three-body forces, which are absent in dimers. In tetramers
the binding per atom becomes considerably larger. The latter can
be attributed to the four-body forces, but this conclusion is not cor-
rect. For study the many-body effects, we should obtain the many-
body decomposition (5)–(8) for N = 4.



Table 1
Total energy of alkaline-earth clusters calculated at different approximations, distances are in Å, energies are in hartree.

ATOMO Ro(Å) SCF MP2 MP4(SDTQ) CCSD(T)

Be2 2.43 �29.13348051 �29.24642169 �29.27649945 �29.28437963
Mg2 3.79 �399.2252223 �399.3411086 �399.3604327 �399.3632206
Ca2 4.26 �1353.5130010 �1354.0143650 �1354.0643610 �1354.06573

Be3 2.18 �43.71781762 �43.91956078 �43.95830909 �43.96373758
Mg3 3.33 �598.8300097 �599.0222194 �599.0524335 �599.0548734
Ca3 3.87 �2030.2663590 �2031.0417080 �2031.1180880 �2031.118258

Be4 2.03 �58.35858460 �58.67119510 �58.71260068 �58.71214461
Mg4 2.86 �798.4261868 �798.7389344 �798.7746563 �798.7731644
Ca4 3.73 �2707.0329900 �2708.1013920 �2708.2010710 �2708.196098

Table 2
Dependence of the energy of alkaline-earth clusters on the cluster size; Eb ¼ �ECCSDðTÞ

int ,
distances are in Å, energies are in kcal/mol.

Cluster Ro(Å) ESCF
int ECCSDðTÞ

int
DEcorr (Eb/N)

Be2 2.43 7.811134 �2.582690 �10.393824 1.2913
Mg2 3.79 2.035196 �1.653788 �3.688984 0.8269
Ca2 4.26 2.059210 �3.182928 �5.242138 1.5915

Be3 2.18 0.683385 �27.178642 �27.862027 9.0595
Mg3 3.33 7.958324 �8.777380 �16.735704 2.9258
Ca3 3.87 5.059178 �17.103192 �22.162370 5.7011

Be4 2.03 �41.826174 �95.068711 �53.242537 23.7672
Mg4 2.86 19.280153 �32.603257 �51.883410 8.1508
Ca4 3.73 �0.263091 �46.894206 �46.631114 11.7236
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In Table 3 the many-body contributions to the interaction en-
ergy, calculated at the all-electron CCSD(T)/aug-cc-pVQZ level,
are represented. Using these data, the decomposition (5) can be
represented as:

EintðBe4Þ ¼ E2ðBe4Þ 1� 8:92þ 1:18½ �;
EintðMg4Þ ¼ E2ðMg4Þ 1� 2:78þ 0:44½ �; ð11Þ
EintðCa4Þ ¼ E2ðCa4Þ 1� 7:13þ 1:65½ �:

From these data follows that for all studied tetramers the three-
body forces are not only a single factor of stabilization, but the dom-
inant factor of the many-body expansion. The four-body contribu-
tions, as the two-body ones, are repulsive. Nevertheless, the
binding in tetramers is stronger than in trimers, where the repulsive
four-body forces are absent. This can be simply explained, if we take
into account that in tetramers we have four attractive three-body
contributions, while in trimers there is only one. In the expression
for the three-body energy [7]:

E3ðNÞ ¼
X

a<b<c

eabc; ð12Þ

eabc ¼ EðabcÞ � E1ðabcÞ � E2ðabcÞ; ð13Þ
Table 4
Detailed many-body energy decomposition for the alkaline-earth tetramers; distances are

Ro(Å) ESCF
2 DEcorr

2 ESCF
3

Be4 2.03 123.822665 �109.723254 �22
Mg4 2.86 80.062770 �55.700240 �72
Ca4 3.73 44.652286 �51.888175 �55

Table 3
Many-body energy decomposition for the alkaline-earth tetramers at the CCSD(T)/aug-cc-

Ro(Å) ECCSDðTÞ
int

E2 E3

Be4 2.03 �95.068711 14.099411 �125
Mg4 2.86 �32.603257 24.362530 �67.
Ca4 3.73 �46.894206 �7.235889 �51.
the sum (12) contains 4 terms – number of different combinations
of 3 objects from 4 objects: 4!/3! = 4.

For the interpretation of the physical sense of many-body forces
it is useful to decompose them in the SCF and correlation compo-
nents. It can be done in the same manner as for the total interac-
tion energy. Many-body energies can be represented as:

ECCSDðTÞ
m ¼ ESCF

m ðNÞ þ DEcorr
m : ð14Þ

In Table 4 we present the SCF and correlation components for each
term in the many-body decomposition of the interaction energy of
tetramers. The two-body SCF energy for tetrahedral tetramers can
be presented as:

ESCF
2 ðA4Þ ¼ 6ESCF

int ðA2Þ: ð15Þ

It indicates that the physical sense of the two-body SCF energy in
tetramers is the same as for the SCF interaction energy in dimers;
it is predominantly the exchange interactions, which are repulsive
for two interacting atoms with closed electronic shells. The attrac-
tive contributions from the electrostatic and induction energies
are less than the repulsive exchange forces. This is the reason that
ESCF

2 is positive for all alkaline-earth tetramers.
The situation is different in the case of the three-body SCF en-

ergy. For a tetrahedral tetramer it is equal to:

ESCF
3 ðA4Þ ¼ 4ESCF

3 ðA3Þ: ð16Þ

The main contribution to ESCF
3 ðA4Þ stems from the three-body ex-

change forces. These forces originate from the three-atomic electron
exchange, which mixes electrons of three atoms involved in this ex-
change. In closed-shell atom systems, contrary to the two-body ex-
change forces, the three-body exchange forces are attractive and
make a main contribution to the stability of tetramers.

Similarly to Eq. (15), the two-body correlation energy,
DEcorr

2 ðA4Þ, can be presented as:

DEcorr
2 ðA4Þ ¼ 6DEcorr

2 ðA2Þ: ð17Þ
in Å, energies are in kcal/mol.

DEcorr
3 ESCF

4 DEcorr
4

9.491329 103.693861 63.842489 �47.213144
.038862 4.287711 11.256245 �0.470881
.609826 4.003803 10.694448 1.253258

pVQZ level; distances are in Å, energies are in kcal/mol.

E4 Enonadd Enonadd/Eadd

.797468 16.629345 �109.168123 7.742743
751151 10.785364 �56.965787 2.338254
606023 11.947706 �39.658317 5.480781



Table 5
The NBO valence orbital population in the alkaline-earth atoms and clusters calculated at the MP4(SDQ)/aug-cc-pVQZ level.

2s 2p 3s 3p 4s 3d 4p 5s 4d 4f 5p

Be 1.87 0.12 – – – – – – – – –
Be2 1.79 0.19 0.01 – – 0.01 – – – – –
Be3 1.67 0.29 0.01 0.01 – 0.02 – – – 0.01 –
Be4 1.50 0.44 – 0.01 – 0.02 – – – 0.01 –

Mg – – 1.89 0.10 – – – – – – –
Mg2 – – 1.88 0.11 – 0.01 – – – – –
Mg3 – – 1.84 0.14 0.01 0.01 – – – – –
Mg4 – – 1.74 0.21 – 0.02 0.01 – – 0.01 –

Ca – – – – 1.88 0.09 0.11 – 0.01 – 0.01
Ca2 – – – – 1.85 0.10 0.12 0.01 0.01 – 0.01
Ca3 – – – – 1.78 0.11 0.16 0.01 0.03 – 0.01
Ca4 – – – – 1.72 0.13 0.19 0.01 0.03 0.01 0.01
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As in the case of dimers, it is reduced at large distances to the dis-
persion energy of the second order. At intermediate distances it
contains both the dispersion and exchange contributions, the latter
decreases the dispersion attraction. For Be4 and Mg4, the two-body
ESCF

2 ðA4Þ repulsion is larger than the DEcorr
2 ðA4Þ attraction and, upon

the whole, for these two tetramers the two-body forces, E2(A4),
are repulsive. Only for Ca4 they give a small attractive contribution.

For tetrahedral tetramers the three-body correlation energy
DEcorr

3 ðA4Þ is equal to:

DEcorr
3 ðA4Þ ¼ 4DEcorr

3 ðA3Þ: ð18Þ

At large distances DEcorr
3 ðA3Þ is reduced to the Axilrod–Teller–Mutto

(ATM) dispersion energy [35,36]. The tetrahedron consists of four
equal equilateral triangles. For each triangle the ATM dispersion en-
ergy is transformed to:

eð3Þdisp ¼
11
8

C9ðABCÞ
R9

ab

; ð19Þ

see discussion in Ref. [7]. Thus, it is positive. At intermediate dis-
tances the dispersion energy cannot be separated from the ex-
change effects; the three-body exchange gives some negative
contribution, although, as follows from Table 4, for all three tetra-
mers DEcorr

3 ðA4Þ > 0.
The analysis above demonstrates that it is the three-body inter-

actions that stabilize the alkaline-earth trimers and tetramers. This
fact and the relative small values of the repulsive two- and four-
body interactions explain the decrement in the interatomic dis-
tances, as the size of the cluster increases, see Table 2. The attrac-
tive three-body forces become larger with a decrease of the
interatomic distance, while the repulsive two- and four-body
forces undergo small changes.

The physical origin of the three-body attraction stems from the
three-atomic electron exchange forces. This leads to a rearrange-
ment of the atomic orbital structure. It is instructive to study the
atomic orbital population in clusters of different size. In Table 5
we present the valence orbital population obtained by the NBO
analysis [29,30]. The NBO valence population in atoms was also
calculated. At the SCF level, which corresponds to the population
in the Periodic Table of Elements, the following, well known, orbi-
tal population is valid:

Be : 1s22s2; Mg : 1s22s22p63s2; Ca : 1s22s22p63s23p64s2:

According to Table 5, the electron correlation partly populates np-
valence orbitals even in the isolated atoms. In trimers and tetramers
the amount of np-population increases considerably, especially in
beryllium clusters. The largest increase of the excited orbital popu-
lation takes place in the beryllium tetramer �2p0.44. The population
of np-orbitals favors the sp-hybridization [37] of the alkaline-earth
atoms providing the covalent bonding in trimers and tetramers.
The crucial role of the sp-hybridization in the explanation of
stability of alkaline-earth tetramers was stressed in some earlier
studies [8,9]. Bauschlicher et al. [8], basing on the SCF Mulliken
population analysis, came to the conclusion that the promotion
of ns-electrons to np-orbitals leading to the sp-hybridization is
the main mechanism responsible for binding in the alkaline-earth
tetramers. The authors [8] found the ratio of np-population in dif-
ferent tetramers proportional to the ratio of their dissociation
energies. However at an electron correlation level because of the
np-population in the isolated atoms, we cannot expect such pro-
portionality and this is confirmed by the data presented in Tables
2 and 5. For instance, in Be4, in comparison with Mg4, the np-pop-
ulation is twice larger, while the binding energy is three times lar-
ger; the np-populations in Mg4 and Ca4 are practically the same,
while their binding energies differ almost in 1.5 times.

We also should keep in mind that some of atom–atom interac-
tions, which enhanced the excited orbital population, do not provide
the bonding. This is confirmed by the valence orbital population for
the alkaline-earth dimers and trimers found at the SCF level [5,6].
The NBO analysis at the SCF level gives rather non-negligible
np-population especially for trimers. But at the SCF level the dimers
and trimers are not stable. As follows from the analysis above, the
stability of cluster depends upon the interplay of different compo-
nents of the many-body energy, see Tables 3 and 4.

It is worth-while to discuss the connection of the three-body
interactions, which stabilized the considered atomic clusters, with
so-called Efimov’s three-particle states [38,39], see also the review
[40]. In 1970 Efimov analyzing a three-particle system came to
conclusion that if the two-particle interaction can be divided on a
short-range non-resonance part with the effective range ro and a
long-range resonance part with the scattering length a, then the
presence of the third particle leads to some effective resonance
interaction among the three particles, which does not depend on
the nature of two-particle forces. This interaction produces a large
number of stable three-body states, if the scattering length of the
resonance interaction is large, a� ro. After more than 35 years from
this theoretical prediction, the Efimov three-particle states were
revealed experimentally in an ultracold gas of cesium atoms [41].

From the description above it follows that the Efimov states are
produced by long-range three-body resonance interactions with
large a, while the three-body forces in stable clusters have not a
resonance character and their range is determined by the relatively
small cluster dimensions, about 5 bohr. Thus, the three-body
forces, stabilizing the clusters considered in our study are not the
Efimov three-body interactions.
4. Conclusion

In comparison with very weakly bound dimers, the binding
energy per atom in the larger alkaline-earth clusters is drastically
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increases. For instance, Eb/N in Be3 is 7 times larger and in Be4 is
18.4 times larger than in Be2, see Table 2. This is evidently a man-
ifestation of many-body interactions. As follows from our results,
within the framework of the many-body decomposition the
three-body forces are the single factor of the tetramer stability
and the dominant factor in the many-body decomposition. The
two- and four-body forces are repulsive. The attractive contribu-
tion to the three-body energy stems from the three-body SCF com-
ponent, which has the electron exchange origin. The three-body
exchange mixed electrons of three atoms involved in the exchange.
This benefits the promotion of ns-electrons to np-orbitals.

The NBO population analysis reveals a relatively large np-popu-
lation in trimers and tetramers, especially in beryllium clusters.
The largest increase of the valence np-orbital population is re-
vealed in Be4 and equals 2p0.44. The population of np-orbitals leads
to the atomic sp-hybridization. The hybridized orbitals enhance the
overlap in the bond region increasing the strength of the bond [37]
and provide the covalent bonding in trimers and tetramers.

On the other hand, the strength of bonding is not proportional
to the amount of the np-population; compare the data in Tables
2 and 5. Let us stress that not all atom–atom interactions, which
enhanced the np-population, lead to binding. The alkaline-earth di-
mers and trimers have a non-negligible np-population already at
the SCF level, [5,6] although in this approximation they are not sta-
ble. The cluster stability depends upon the interplay of different
components of many-body forces. The main factors of stabiliza-
tions are the three-body exchange forces. The attractive two-body
dispersion forces are suppressed by the repulsive two-body
exchange.
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