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The study of the interaction energy and its many-body decomposition in a broad distance interval for
the Bg,, Mg, , and Ca (n=2,3) 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 ptwgsical

der Waal$ and chemicalnonadditive exchangenature. An NBO population analysis reveals a
relatively largep-population in all clusters. A surprisingly largepopulation at the MP4 level is

also obtained for the isolated atoms. Z00 American Institute of Physics.
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I. INTRODUCTION Mgller—Plesset perturbation theory level up to the fourth or-
der (MP4).>% The study of binding in the Beclusteré=°

Itis well known that noble gas atoms are bound by Valevealed that the three-body exchange forces are attractive
der Waals forces. This results in a weak bond. The weakest . . o .
S ) . . and give an important contribution to the attractive two-body

measured bond was found in jlehe dissociation energy is

Do=1.2 MK or 2.3810 ¢ kcal/mol (Ref. 1) (the well depth dlspter5|on Ifotrcles. The Iattetr (a;tbeth;:IlbrlumI c_hstatmcez e;re al-
is larger and equals 0.02 kcal/moEven in bulk, the noble MOSt cOMPIetely compensated by the repulsive two-body ex-

gas atoms have such small cohesive energy that they are atﬁEange forces_. This makes t_he role of the three-body ex-
to form solids only at low temperatures, and He remain<Shange attraction even more |r.nporta.nt. o )
In order to reveal the details of binding in the alkaline-

liquid at all temperatures. This is a consequence of the VR "
closed-shell electronic structure of the noble gas element§2rth clusters, itis important to carry out a comparative study

On the other hand, the alkaline earth elements Be, Mg, c4f binding in clusters of Be, Mg, and Ca. There are many
etc. have a closed electronic subshell §nsut form solids publications, in addition to those cited above, devoted to
with a quite large cohesive energy, see Table I. The cohesivé@iculations of alkaline—earth clusters, see Refs. 10-21, and
energy in the solid Be equals 3.32 eV/atom which is largefeferences therein. But in most of these studies, different
than that in solids of open one-valence ns shell atoms: LfOmputational approachs were applied to calculate the geom-
(1.63 eV/atomy Na (1.10 eV/atom, and Cu(1.0 eV/aton. etry and binding energy. The nature of binding in these clus-
The dimers of Be, Mg, and Ca are very weakly bound byters was not studied. The only exception, to the best of our
the electron correlation effecfat the self-consistent field knowledge, are two works by Bauschlictetral 1>**In their
(SCH level they are not stable Thus, the alkaline—earth study of alkaline—earth clusters, the authors came to the con-
dimers can be attributed to the van der Waals molecules. Thgusion that the promotion of atomic electrons frasito np
situation is changed in many-atom clusters, even in trimersrbitals leading to hybridization is a major mechanism re-
(Table 1l). This is evidently a manifestation of the many- sponsible for the binding in the alkaline earth compounds.
body effects. The crucial role of the three-body forces in the_ater on, we will discuss this concept in the connection with
stabilization of the Bg clusters was previously revealed at our results.
the SCF levef~* More recently it was established at the In the present paper, we present the results of accurate
calculations at the Mgller—Plesset electron correlation level
dAuthor to whom correspondence should be addressed. Electronic maipf the distance depend_gnce of the interaction energy and its
kaplan@fenix.ifisicacu.unam.mx many-body decomposition for the BeMg,,, and Cg(n
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TABLE I. Some properties of alkaline earth atoms and solids. basis set® The electronic density distribution was studied
within the population analysis scheme based on the natural

Atoms Solids bond orbitals*®3” Population analysis was performed for the
Polarizability . ,  SCF density and the MR8DQ) generalized density deter-
10" e’ AEg, kealimoP  (ro)®  E, kealmof To, K®  \ined by applying th@-vector conceptt These data and all
Be 56 22-252p 3P0 (r,g)=2.65 76.5 1562  other results presented in this work were obtained by utiliz-
62.84 ing the GAUSSIAN-98 code™
Mg 10.6 B*-3s3p°P? (rg,)=3.25 347 922 The quality of the calculations were assured by a com-
cn 226250 6§é4_7>4s4p3P0 (ra)=422 125 1113 barison 2with the lelerZPlgsset calculations with no frozen
43.34 core, 1s? frozen, and $%2s%2p® frozen core electrons for
45— 4s3d °D Be, Mg, and Ca clusters, respectively. The inclusion of more
58.14 electrons in the correlation energy calculations slightly low-
*Reference 22, ers two- as well as three-body interaction energies. The larg-
bReference 23. est frozen space in the case of Ca clusters leads to total
‘Reference 24. energy changes around 10% and does not affect the qualita-
“Reference 25. tive picture of the interactions studied. The test calculations

were also performed by the coupled cluster method with
) i single and double substitutions from the Hartree—Fock deter-
=2,3) clusters using a reasonably large basis[8eB11 ,inant and with inclusion of triple excitations noniteratively,
+G(3df)]. The calculations are performed also at the SCFCCSIIT)."'O*‘”The calculated interaction energies are within
level for study the electron correlation contributions to thefew percent of those of the Maller—Plesset calculations, in-

total interaction energy and its many-body parts. All Clusmr%icating that the choice of the MPRDTQ) approach is well
are calculated at the same level of approximation which iﬁustified as a basic tool for the presented studies.

accurate enough to allow meaningful comparisons amony | Taple I we present the results of our calculations of

clusters with d|ﬁer§nt atom§. ] the equilibrium geometry and binding energy together with
_Thehplan of thls_papler IS r?s follows: In Secr.] I We,d?' Eublished data. A comparison of our results with literature
scribe the computational method and present the basic f0lya¢, ingicates a quite satisfactory agreement. The values of

mulas for the energy decomposition. In Sec. Il we analyze[he binding energy for the Beand Mg, trimers are very
the numerical results obtained and give a comparative disc'lose to the best estimations in Ref. 18.

cussion of the nature of binding in the alkaline—earth clus-, 5 \ariational methods, the interaction energy is not
ters. A summary and the conclusions of our study are giveRcjated directly even if the Maller—Plesset perturbation

in Sec. IV. theory is used. The interaction energy is expressed as the
difference,

II. COMPUTATIONAL METHOD AND BASIC

FORMULAS FOR ENERGY DECOMPOSITIONS Ein(N)=E(N)—NE,, 1)

The calculations presented here were performed with avhere E(N) is the total energy of clustefy; E, is the
standard 6-311G(3df) basis set®! The potential en- atomic energy calculated at the same level of accuracy as
ergy surfaces scan was performed by means of the Mgller&(N). For taking into account the BSSE, the atomic energy
Plesset perturbation theory up to the fourth or@dP4) in in Eq. (1) was calculated using the dimer basis set Ifor
the frozen core approximatio=>® The interaction energies =2 and the trimer basis set fof=3.
were corrected for the basis set superposition eiBESE In order to check the convergence of the MP perturba-
applying the Boys and Bernardi scheffein which the tion series, we calculated separately the perturbation contri-
three-body interactions were determined within the trimerbutions.sﬁ},‘% to the interaction energy in each order,

TABLE Il. Comparison of our calculations with literature data for the equilibrium geometry; distances are in A, energies are in KEgH#moE;,, .

Be, Bes Mg, Mgs Ca Cas

Refs. Method of calculation = o Ey o Ey o Ey o Ey o Ep
12 CASSCF/CI 2.50 1.86 223  19.02
14 MRCI 222 224 3.37 6.3
19 MP4SDTQ 223 216
18 Best estimations 220 269 3.37 8.0

based on MP2-R12
11 (¢]] 3.97 11.53
17 MRCI 416 12.10
26 Experiment 245  2.260.08
27, 28 Experiment 3.89 1.1570.003
this MP4(SDTQ 2.56 1.83 224 2590 3.92 1.09 332 712 456 214 412 1166

work
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TABLE lIl. Contributions to the interaction energy of dimers at different TABLE IV. Interaction energy for dimers at the equilibrium distance at
levels of calculationAE® =g +e(P+e(®, AENPA=ESCFL AE®™ en-  different levels of calculation, in kcal/mol.
ergies are in kcal/mol.

Dimers ESCF (2) (4) N gMP4

r A ESCF (2) (3) (4) AECorT EMP4 " e e e mt
: m o o Bl " Be, 612 -671 -0.81 -043 -7.94 -183
(a) Be, ro=2.56 A
1.5 103.87 -17.38 —437 —3.01 —24.762  79.106 Mg, 162 -234 -032 -006 -272 —1.09
20 2254 -1239 -2.04 -1.39 —15.81 6.73 ro=3.92A
2.5 682 -721 -089 -050 —8.60 —1.78 Ca 105 -256 —0.46 —0.17 -3.19 -2.14
3.0 300 —-378 —043 -007 -429 -129 ro=4.56 A
35 135 -196 -0.24 003 -218  -0.83
4.0 056 —1.05 —0.15 003 -117 -061
45 021 —057 —0.09 002 -064  —043
5.0 007 -031 -0.06 001 -036 —0.29 IR
e om om om o om om0l pen gy 1L 0 @
. . . . . . . EmpP Emp
6.5 0.00 —0.06 —0.01 000 -006 —0.06
70 0.00 -0.04 0.00 0.00 -004 —0.04 At the equilibrium distanc€Table V), the MP serieg4) are
(b) Mg, the following:
15 269.89 -11.65 -273 -145 -1583  254.06
20 9439 -976 -196 -1.00 -12.73 81.66 Beye(2(1+0.12+0.06),
25 3022 -7.80 -1.38 -0.68 —9.86 20.36
30 984 -552 -085 -038 —6.75 3.0 Mg,:e§2(1+0.14+0.03), (5)
3.5 355 —354 —050 -0.16 —420 —0.65
40 140 -216 -029 -004 -249  -1.08 Cay:e{y(1+0.18+0.07).
45 058 -130 -016 -0.02 —-1.48  —0.90 o , _
5.0 023 -075 -012 0.00 —-087 065 Thus, the limitation of our calculations to the MP4 level is
5.5 0.08 -044 —0.07 000 -051  —043 quite justified.
6.0 004 -029 -005 000 -033 029 The many-body decomposition of the interaction energy
6.5 000 -017 -002 000 -019  —0.18 at different approximations is performed according to the
.0 000 —0.12° ~0.01 .00~ —0.12~0.12 | definitions, see Refs. 42, 5. For trimers we have onl
80 000 -004 000 000 -004 —0.04 genera ' - B85 O y

(© Ca the two- and three-body interaction energies. In the homo-

25 9507 -691 -—205 -1.19 -10.15 84.92 atomic case they are represented by the following formulas:
30 3768 595 -138 -084 —817 29.51

35 13.07 -488 -100 -056 —6.44 6.63
40 412 -373 -072 -035 480 068 Ea(As)= Eb &ab; ©)
45 122 -2.68 -048 -019 -335 -2.13
5.0 038 —-185 -029 -0.09 -223 -185 eap=E(ab)—2E,, (7)
5.5 014 —-123 -018 -0.04 -1.45 -131
6.0 006 -0.80 —0.12 0.00 -0.92  —0.86 whereE(ab) is the total energy of two atoms at the distance
6.5 002 -0.53 -0.06 000 -059  —-057 they have in the trimeabc In a general case of a nonsym-
7.0 001 -034 -005 000 -039  -038 metrical triangle, the sun) contains three different two-
8.0 000 ~0.15  ~0.02 .00 ~017 ~0.17 body interaction energies. The three-body interaction energy
9.0 000 —0.06 —0.02 000 -008  —0.08 . X .
100 000 -004 000 000 -004 -004 ISdefined as the difference
Es(A3)=E(A3) —E3(A3) —3E,, (8)
whereE(A3) denotes the total energy of trimés.
Formulas(6)—(8) were applied to the calculations of the
gfﬂpz Eth’Z_ E%CF, two- and three-body contributions to the interaction energy
at the SCF and MP4 levels and for the decomposition of the
8,(\/?;: Ei'\é't%_ E:\r’]'f?, 2 electron correlation energy.
(4) _ =MP4_ =MP3
evp= Eint Eint - I1l. NUMERICAL RESULTS AND DISCUSSION

According to its definition, the correlation energy at the MP4  As follows from Table lll, the interaction energy at the
level is equal to SCF level is positive for all three dimers at all distances. It is
the electron correlation energy that stabilized the close-
subshell-atom dimers. The potential energy curves are very
shallow with the depths of the well about several kcal/mol.
The equilibrium distance rises fromy=2.56 A for Be to

In Table 11l we presenbﬁ,ﬁ‘% for the three calculated dimers, r,=4.56 A for Cg. The increase of the equilibrium distance
Be,, Mg,, and Ca. At all distances the convergence is quite in the row Bg, Mg,, and Ca is well correlated with an

4
AECOT= MP4_ =SCF_ z 8?\21& (3)
2

int int

good. increase in the average radius of the atomic valence shell
Let us express the MP series as the ratios to the secori@able |). However, the binding energy does not have such
order contribution monotonic behavior. The decreasekyf from 1.83 kcal/mol
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for Be, to 1.09 kcal/mol for Mg alters on the increase &, ~ TABLE V. Comparison of£5, Eq. (9), with AE*" for equilibrium and
to 2.14 kcal/mol for Ca The equilibrium distance for Gas large distances, in keal/mol.

very large(4.56 A), and it could be expected that the bond Be, Mg, Ca,

will be weaker than in Mg But this is not a case, the in-
crease of the equilibrium distance compared with that i Mg
does not lead to a weaker bond. It is explained by the smaller 256  -79.62 —7.94

di di di
r, A Ezlsp AECOrT EZISP AECorT Ezlsp AECorT

repulsive SCF energy and the larger correlation attraction at 3-92 —-8.95 —2.27

the equilibrium distances in the €dimers, in respect to the 4.56 ~1440 ~3.19
g i . 500 -035 -036 -129 -087 -6.85 —223

Mg, dimer, see Tablg IV_. The same nonmo_notonlc behavior go0  _010 -011 -035 -033 -168 —0.92

takes place for the binding energy of the trimefg= 25.9, 7.00 -0.03 -0.04 -011 -0.12 -0.55 —0.39

7.12, and 11.66 kcal/mol for BeMgs, and Ca, respectively 8.00 -0.04 -0.04 -022 -0.17

(Table 11). It can be expected that this trend is also preserved 9-00 —0.10  -0.08

in large clusters because in solid alkaline earths the cohesivé®® ~0.05 004

energy and melting temperature show similar behavior
(Table ).

It is well known that physical contributions to the SCF |arge distances, the dispersion energy in, @aabout five
energy can be classified as the electrostatic, exchange, indugnes larger than that in Mg This is correlated with the

tion, and some additional interactions not having such cleagrger value of the polarizability of the Ca atom compared
physical meaning?~** Atoms with closed subshells have no yith the Mg atom(Table ).

multipole moments and their electrostatic and induction in- | et ys now turn to the trimers. In Table VI we present

teractions have a pure overlap origin from which follows the interaction energy and its many-body decomposition for
their short-range character. The exchange interaction bgrimers Be, Mgs, and Ca in the equilateral triangle confor-
tween atoms with closed subshelt aimost closed, as We mation in a wide distance range. The trimers as well as
will see later, for the alkaline atoms, this is the gaisere-  dimers are not stable in the SCF approximation. The SCF
pulsive, as in the noble-gas atom systems. All this leads t@nergy is positive at all calculated distances. On the other
the unstability of the alkaline earth dimers at the SCF aphand, the electron correlation corrections are negative and
proximation. They are stabilized by the attractive electronead to stabilization of the alkaline—earth trimers. A more
correlation forces. detailed analysis of the nature of binding is based on the

At large distances, the electron correlation energy can bﬁqany_body decomposition of the interaction energy,
interpreted as a dispersion energy. At intermediate distances VP4 VP4 VP4
where the overlap of the atomic valence shells becomes es- Eint (A3)=E3" "(A3) +E3""(Ag), (10
sential, the dispersion forces cannot be defined without aklyhich is presented in Tables VI and VII.
lowing for exchange effects. At these distances the multipole  The three-body interaction enerdg)™* is negative for
expansion is not vali? It is instructive to compare the mag- all distances whileE)P* at small distances is positive and
nitudes of the pure dispersion energy and the electron corgsecomes negative at distances near equilibrium and larger.
lation energy at different distances. The ratio| E¥"4/EMP4| passes with distance through a maxi-
The energy of the dispersion interaction between Wonym. For Bg and Mg, this maximum is located near the
atoms can be presented with fine precision as a sum of thregilibrium distance. The extremely large values of the ratio

terms, of the three-body to two-body energy for the equilibrium
_ Ce Cs Cio conformations of Bgand Mg; (see Table VIl is connected
E%‘Sp: — (r_6 + T + m) , (99 with almost zero values of the two-body interaction energies

[the equilibrium distance in the Band Mg; equilateral tri-
where the dipole—dipoler(®), dipole—quadrupoler( ®), angle is located in the vicinity of the intersection of the
and dipole—octupole plus quadrupole—quadrupaié 1) E,(3) potential curve and the abscissa &xiBhus, in the
dispersion interactions are taken into account. The dispersidiname of the many-body decomposition of the interaction
coefficientsC,, for the Be, Mg, and Ca atoms were estimatedenergy, we have to conclude that for the;B@ed Mg, trim-
in Ref. 45 by the Padapproximate method. Using the values ers, the dominant factor of their stability are the three-body
of C,, converted td (kcal/mol)A"] units, we have found the forces. For the Catrimer, the two-body contribution to the
sum(9) at equilibrium and large distances and compare it ininteraction energy is non-negligible and amounts to 38% al-
Table V withAE®" from Tables Il and IV. As follows from  though the three-body interactions are a main contributor to
Table V, at large distances the electron correlation energyhe stability of the cluster.
coincides with the pure dispersion energy with very good As discussed above, the equilibrium distances for the
precision; for Bgatr=5 A, for Mg, atr=6 A, and for Ca  dimers are rather large, especially for Mgnd Ca. The
atr=9A. addition of one more atom leads to a decrement in the equi-
At equilibrium distances, the absolute value of the purdibrium interatomic distance. In an equilateral triangtbe
dispersion energy is much largén the case of Bgin 10  conformation which is the most stable conformation in the
times)) than AE®". This means that the exchange and over—ase of close-subshell-atom trimeescording to our calcu-
lap contributions to the electron correlation energy are repullations, the largest reduction, 0.6 A, is revealed for;Mg
sive and cause a decrease in the dispersion attraction. Atowever, for Bg and Ca, the reduction is also large
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TABLE VI. Many-body energy decomposition for trimers in the equilateral triangle conforma@gy) (at the
SCF and MP4 levels; energies are in kcal/mol.

MP4
=i

VP4,
=

r, A A Eth4 E%?F AECorT EléAP4 ESCF A E;orr E3MP4 EgCF A Egorr

(@) Bey

1.5 121.90 147.02 —25.12 236.57 31159 —75.02 -—-114.67 -—-164.57 49.90 0.48
20 -—18.41 6.39 —24.80 19.79 67.62 —47.84 —38.19 —-61.23 23.04 1.93
25 2152 2.54 —-24.07 —-5.52 20.46 —25.98 —-16.01 —-17.92 1.91 2.90

3.0 —8.52 427 —-12.79 -3.99 8.98 —12.97 —4.52 —-4.71 0.18 1.13
3.5 —3.56 281 —-6.38 —-2.60 4.07 —6.66 -0.97 —1.26 0.29 0.37
4.0 —2.03 137 —-339 -184 1.69 -—-3.54 —0.18 —0.33 0.14 0.10
4.5 —-1.32 055 -1.87 -—-1.32 0.62 -1.94 0.00 —0.07 0.07  0.00
5.0 —-0.84 019 -1.04 -0.85 0.20 -1.05 0.00 0.00 0.00 0.00
55 —0.52 0.06 —0.58 —0.53 0.05 —0.58 0.00 0.00 0.00 0.00
6.0 —0.33 0.02 -0.35 -0.36 0.00 -0.36 0.00 0.00 0.00 0.00
6.5 -0.21 0.00 -0.21 -0.21 0.00 -0.21 0.00 0.00 0.00 0.00
7.0 —0.13 0.00 -0.13 -0.13 0.00 -0.13 0.00 0.00 0.00 0.00
(b) Mgs

15 65451 691.49 —39.98 761.43 809.33 —47.89 -106.92 -117.83 1091 0.14
2.0 178.22 209.51 —31.29 24455 283.14 —38.59 —-66.33 —73.63 7.30 0.27
25 28.75 55.61 —-26.85 60.81 90.63 —29.82 —32.05 —35.02 297 053
3.0 —4.42 15.86 —20.28 9.09 2954 -20.44 —1352 -13.68 0.16  1.49

3.5 —6.81 588 —-12.69 -210 10.62 -12.73 -4.71 —4.74 0.03 224
4.0 —4.73 266 —7.39 -—-3.39 420 —7.59 -1.34 —-1.54 0.19 0.40
4.5 —3.07 124 -431 275 1.71 -4.46 -0.33 —0.48 0.15 0.12
5.0 —2.02 055 —-257 -1.98 0.68 —2.65 —0.05 -0.13 0.08 0.03
55 -1.35 022 -—-157 -134 0.24 —158 0.00 —0.03 0.03  0.00
6.0 —0.88 0.09 -097 -0.87 0.09 —0.96 0.00 0.00 0.00 0.00
6.5 —0.61 0.00 -0.61 -0.58 0.00 -0.58 0.00 0.00 0.00 0.00
7.0 -0.37 0.00 -0.37 -0.36 0.00 -0.36 0.00 0.00 0.00  0.00
(c) Ca

2.5 195.43 222.02 —26.59 253.26 284.99 —31.72 —-57.84 —62.97 513 0.23
3.0 51.22 73.30 —22.08 87.37 112.88 —25.51 —36.15 —39.58 343 041

3.5 0.31 1894 -18.63 19.03 39.10 —20.07 -—18.72 —20.16 1.44 0.98
40 —11.38 3,55 —-14.94 -2.52 12.31 -14.83 —8.86 -8.76 —-0.10 3.52
45 -10.18 0.26 —10.43 -6.59 3.65 —10.24 —3.59 -3.39 -0.19 054
5.0 -6.91 -0.12 -6.79 -5.70 115 -6.85 —1.20 -1.27 0.06 0.21
55 -436 —-0.05 —-431 -3.99 041 —-441 -0.37 —0.46 0.09 0.09
6.0 —2.74 0.00 -2.74 -2.65 0.13 -2.79 —0.09 -0.14 0.05 0.03
6.5 —1.78 0.00 -1.78 -1.73 0.06 —1.79 0.00 0.00 0.00 0.00
7.0 —1.18 0.00 -1.18 -1.17 0.00 -1.17 0.00 0.00 0.00 0.00

enough; 0.32 A and 0.44 A, respectively. The explanation of  In the same manner, as was done for the full interaction
this decrement is based on the interplay of the two and threeenergy, the two- and three-body interaction energies can also
body interactions in the cluster formatidnthe attractive be decomposed on the SCF and electron correlation parts,
three-body forces become larger with a decrease in the MP4__ —SCF corr _

atom—atom distances while the two-body forces undergo En =B AR, n=23. (1)
small changes because of the relative flatness of the twdFhe two-body SCF energy for an equilateral triangle is equal
body potential curves. to

TABLE VII. Interaction energy and the many-body decomposition at the equilibrium geometry fa€she
symmetry, in kcal/mol.

VP

Trimer EMP4  ESCF ppcor  EMP4  pSCF ppcom WP ESCF AEST ENP4
n n

Be; —-25.90 0.60 —-26.50 -0.79 3545 -36.24 -25.11 -34.80 9.75 318
ro=2.24A
Mgs -7.12 8.06 -15.18 -0.15 15.00 —15.15 -6.97 —6.94 -0.03 465
ry=3.32A
Ca —-11.66 216 -13.82 —4.44 915 -1359 -—-7.22 —-6.98 -0.23 1.6
ro=4.12A
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) a .
ESCF Al) = 3E-SCF A). 12 TABLE VIII. The net valence populationAn,? for the isolated atoms and
2 ( 3) int (A2) (12 clusters at the equilibrium geometry, obtained by the Natural Bond Orbital

It indicates that the physical sense of the two-body SCF enAnalysis at the SCF and MP4 levels.
ergy in trimers is the same as the SCF interaction energy in
dimers; it is predominantly the exchange interactions which
are repulsive for two interacting atoms with closed subshellsA/ ~ ns  (n+1)s np  nd ns (n+l)s np nd

The attractive contributions from the electrostatic and inducge 0.000 0.000 0.000 0.000-0.135 0.004 0.130 0.001
tion energies which exist only in the overlap region are les®8e, —0.044 0.006 0.037 0.001-0.199 0.008 0.185 0.006
than the repulsive exchange contribution. This is the reasoRe; —0.257 0.005 0.246 0.005-0.315 0.009 0.288 0.016

that ESC(A,) is positive for the alkaline trimers in all cal- M9 ~ 0.000 0.000 0.000 0.000-0.112  0.004 0.105 0.003
2 (Ag) is p Mg, —-0.007 0.001 0.05 0.000-0.123 0.004 0.113 0.005

culated distance re_gmrﬁ. o Mg, —0.045 0.002 0.040 0.002-0.173 0.005 0.154 0.012
The different situation is in the case of the three-bodyca 0.000 0.000 0.000 0.000-0.138 0.003 0.124 0.011

SCF energy. The main contribution E5“7(A) is given by Ca -0.016 0002 0011 0.003-0.161 0.005 0.139 0.018
the three-body exchange forces. These forces originate frofgs —0.074  0.003  0.057 0.015-0.229 0.006 0.184 0.039
the three-atomic electron exchange which mixes electrons af |~ ARYPAA) = nYPYA) —nSCTA), for clusters An"P(A,)
all three atoms. In closed-shell-atom systems, contrary to the.,we4a y_nSCHa), the similar definition is for AnSCF, therefore
two-body exchange forces, the three-body exchange forcean$fa)=o.

are attractive and make a contribution to the stabilization of

trimers.
The two-body electron correlation energyES(A,) conclusion was based on study of the SCF Mulliken popula-

as in the case of dimers, is reduced at large distances to thign analysis. At the present, we can perform more precise
dispersion energy. At intermediate distances, it contains botfn@lyses using the natural bond orbitlBO) analysis and
the exchange and dispersion contributions which cannot bgalculate it at the electron correlation level.

separated. The exchange effects decrease the dispersion at- N Table VIl we present the net population of valence
traction; nevertheless, the two-body electron correlation ap?rPitals in dimers and trimers. We have obtained not only the
population but partly thel-population(for the Ca clusters

pears as a main factor of stabilization, especially for thg Mg P- ; ) X
and Ca trimers. to a larger extent The latter is correlated with experimental

The three-body electron correlation energyEL"(A,), atomic excitation energieSE,;.“” According to Table I, the

at large distances can be represented as the Axilrod—Tell&N€rgy of the 4—3d excitation in the Ca atom is even
three-body dispersion enefy smaller than theas—np excitation energies in the Be and

Mg atoms. On the other hand, there is no quantitative rela-

SCF MP4

i C tion betweenAE,; and the net population numbefs, in
dis, _ 9 at pop I
Ea(Aq)= 3. 3bc(1+3 C0S0 COS0, COSOc). (19 Tapie Vil The magnitude oAE(ns—np) in Be is larger

than that in Ca, nevertheless, the-population in the Be
clusters is larger than in the Ca clusters.
11 Cq We have also calculated the NBO valence population at
B (14 the MP4 level for the isolated atoms. It could be expected
ap that the inclusion of the electron correlation effects leads to
According to Eq.(14), the three-body dispersion energy is some population of the vacafin the SCF approximation
positive and so iIAEZ™" at large distances. At intermediate atomic orbitals. But the values obtained are surprisingly
distances, the negative contributions from the three-body eXarge. Thep-population in the Mg and Ca atoms are only
change and overlap effects can lead to negative values falightly smaller than that in their dimers, and in the Be atom
AES™. This is what is revealed for Gaand, close to the the population is 0.7 of thp-population in Be.
equilibrium distances, for Mg The calculation in Ref. 10 was performed at the SCF
Note that the larger value of binding energy level. In the frame of the latter, the isolated atoms are not
Ep(Ca)=11.66kcal/mol ~ compared with E,(Mgs)  populated at the excited orbitals. The auth®df®und the
=7.12 kcal/mol in spite of the greater equilibrium distance inratio of p-population in different teramers proportional to the
the Ca trimer is due to the smaller value of the repulsive ratio of their dissociation energies. However, at an election
SCF energy for the QaE%CF(Ca3)=9.15 kal/mol and correlation level because of thepopulation in the isolated
E?CF(M93)=15 kcal/mol. This results in a greater stability of atoms, we cannot expect such proportionality although the
Cg although the total attractive contribution for £&  amount of thep-population in trimers reflects qualitatively
smaller than for MgAES"™+E;“"+AEP"=-20.8 and the bond strength in the alkaline—earth clusters.
—22.12 kcal/mol for Caand Mg, respectively(see Table We also have to take into consideration that some of
VII). atom-atom interactions, which enhance the excited orbital
It is instructive to study the vacant atomic orbital popu- population, lead to the antibonding state. The last statement
lation in the dimers and trimers. As mentioned in the Intro-is confirmed by the valence orbital population at the SCF
duction, in the 1980s Bauschlichet all®!! came to the level. According to Table VIII, at the SCF level there is a
conclusion that the promotion efs-electrons tonp-orbitals  non-negligible p-population, especially for trimers. But in
leading to thesp-hybridization is the main mechanism re- the SCF approximation, the dimers and trimers are not
sponsible for binding in the alkaline—earth clusters. Thisstable. Thus, the repulsive SCF interactions also lead to the

For an equilateral triangle, E¢L3) is transformed to

ES(Ay) =
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vacant orbitals population, although this kind of hybridiza-It is important to find the experimental evidences of this
tion has an antibonding character. The same is true for ththeoretical finding.
repulsiveAES™" interactions in the Bgcase.
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