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Abstract

- A knowledge of the.prOpeftiesvof smalljmetal pafticlés is esseﬁtial
‘to. the understaﬁding‘of catalysis on a molecular'level.‘ In this regard,
‘oﬁe'pafticularly important propérty is the r;te at which.the dissqciation
' enefgyvof a small metél cluéter approaches the buik cohesive énefgy.'.
.Thé present.research céncerns the éffect'of'electron’correlatidn on the
'dissodiation energy‘df a par;icularly_stable berylliﬁm cluster, the
tetraﬁedral Eea systém;v A'contracted gaussian basis set of size Be(gs 4p/5s 2p)
was adppted in cénjunction with the recently devéloped theoryvof éelf—cqnsistenﬁ
electron pairs (SCEP). Several new theoretical and computational wrinkles
are discussed,»including the incorporation of the SCEP/coupled electfonv
pair approximation (SCEP/CEPA). The Be, results provide strong evidence
for the.reliability_of the Hartree-Fock approximation for alkaline earth
coﬁesi?e'énergies.b As suggested earlier the Be4 dissociation energy appears

‘molecule are reported.

to be v 40 kcal/mole. Analogous studies of the Be,



Introduction

An impoftant.recent-frend’in science is the-sériéus attempt béing
'madel tourelateisurface sciencé,2 generally coﬁsidéreqlbasic resea?ch;
to catalysis,3 traditionaily"a #ery applied discipiine. Oné result of
the surfaceAchemistfy > catalysis expéditidn is an awakening.df‘intereét~
iﬁ'the préperties pf small.metal c‘lusters.4 Ddiing ;he past seﬁeral years,
a'number_of éb initio theéreticalvsfudiés5_lz of metal cluétérs have béen
cérried.oﬁt. On the expérimeﬁtal side a key issue has been the rate at
which the dissociation energy of a small ﬁetal.particle Mn épp?oaches the’
cohesive energy of the metal with reépect to the number:df_metal atoms. n.-
Pefhaps the most faéqinating study of thié type is the shpck'tube.reseérch
»of Frgund and Bauer13 on‘iroh atom clqstérs, They conclude that the
approach tovinfinité‘(métallic) behavior.is’relatively slow,'with e.g.,
the féioo'cluster haVingbénly v 65% of the metal's»cdhgsive eﬁergy.

In general, one of the most severe challenges for gh_initio-eleétroniclir

structure theory has been the reliable prediction of dissociation energies.

2

approximation predicts no binding at-all.15 However, in our work on-

The best known'exaﬁﬁle:is the F molecuie, for which the Hartree—Fock  
beryllium clusters, it was sﬁggested1§ that in éertain cases Hartfeé-Fock
tﬁeoiy,mayﬂﬁe capéble of reasonable cohesive energy pfedictions; For Bén.
(énd Mgé, Can,_etc.)'éystems Fhe usual expectancy that'thére will be méfe
‘eléctfon corrélation for the molecule than the n_sepafated Be atomé mayibé
balanced by an opposing efféct. This arises.from the fact tha; thé éingle—‘
determinant Hértrée—Fock-model only ailows's.baSis4functions for.the ls2:2s2'

electronic ground state. However, as the Be atoms are brought together, p
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functions begin to cbntribute'to the moleculaf wave function, and at the
equilibrium geometry, the Bé Qalenée’shell hybridization is roughly Sp;
Thus, ;n a certaiq sense, ﬁhe Hartree-Fock wéve function actually provides
a bettér-deécriptioﬁ éf thebBen cluster than of thg ﬁ sepafaped Be atoms.
" 0f course p functions dé contribute significantly toé fhe'Be atom wave
functions‘but only aftér configuration interaction (C1) is introduced,
most réaaily_byﬁadding”thevls? 2p2 "degenerécy effect" Configufation;17’18
Althohgﬁvfﬁe above,ﬁodel may appear 1iﬁited, it is ‘also at least
partially applicable.fb all transition megais with atomic gréund electron

.configurations of the form szdn, e;g. the Mn atom 432 3d5

. -Hére again the
s=p hybridization is not allowed for the Hartree-Fock atoﬁ, but Wiil be -
_qualitatively déscribed'in the Héfﬁree—Foék treatment of métal clusters.
'Tovthe degree to which the metal sp hybridization is involved in the metal
clustefs; the Hartree-Fock approximation may proyide.réasonable cohesive
venérgy predictions.

The purpose of the preéent research was to'explicitly test the validity
of the Hartree-Fock model in predicting the disséciétion energy of a simple
metal cluster. Primafily fpr two reasons the tetrahedral Be4 system was

_chosen. First it is the smallest Ben cluster to exhibit any significant
. 16 -

amount of binding. Secdndly, Be4vhas been the subject of a previous study
at the Hartree-Fock level of thebry. The theoretical épproachiadopted was

the recently developed theory of self-consistent electron péirs (SCEP);lgfzo



p Theoretical ahd Computational Aspects

‘The theory of self—consisteht electron pairs has been presented
élséﬁhere}? aﬁd repfeséntative caléulatiohs uSing the'SCEP formalism
vih its variational’form along with‘a general diséus;ion ofvthe compu-—
__tational‘féaturés of the-methéd'have already been giVen;zov ﬁowever;
iﬁ'fhis réportrwe inc;udeAthe first SCEP caiculations using the Coupled. '

Electron Paivapproximationv(CEPA) of Meyer?l

and thus a bri_ef description
‘of the theory and calculational approach is appropriate.

The form of‘ah SCEP wave function is
b ) | W
P : : -

wo is a cldsed'shellvreference determinant and wP.ié a doubly substituted
function for an internal pair of electrons, séy in the {i> and lj>‘o;bitals
(occupiéd in wo).and singlet (p = ;1) or triplet coupled.(p = -1); tﬁat is,
P =b(ij’p) in the notétion used here. Each wP.implicitly includes alL
double substitutions of the inférnal pair P by external or-virtual drbitals,

such 'as )a> and’]b>. Y_ is then represented as a pair coefficient matrix

P
C, which is given directly in terms of basis functions. When singly
- substituted configurations  are included, the wave function has the following
form
_ o § i a :
by =¥, T Wy Z ¢; v3 N ¢
. P i,a - - - o
wi is a substitution of the 1i> orbital by the |a5 virtual orbital and-C?
v A . i

is a simple expansion coefficient.



A direct operator formalism is used to achieve an iterative self-

consistent solution of the form

il
o

:<w;blu—glw> (3)

or
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ﬁhefeiwgb is a specific substitution of thelpair"P.A Tﬁe solution of\(3)
is perfofméd independently'bf'(h). Thaf is, a set 6f'iteration§ involving
“only ddubie substitutioné_arevperformed.to achieye aﬁ 6ptimum wave function
of the férm of (1). ‘This part of the wave function (W in ws) is held fixed,
* except for reno?ﬁalization (not exﬁiicitly pefformed), and the Hamiltonian
matrix iﬁcluding the single substitutions is iterativel§ diagonalized as
a solution to (4),. If the 'doubles iterations were carried to the final
convergence limit then the wave function.at'this pbint'is térmed the
.,;"fixed—woh wave function (see ref. 20) and is nearlf,eqdivaléht tové
éingles and 30ubles CI treatment, except that the_&ery small effect ofvthe
singles oh the doublesvhés been neglected. Alternatively to the fixed%})0
ﬁreatment, the singly substituted configurations may be approximately |
absorbéd.into the reference déterminant19 by modifying the internal orbitals,
be.g., |i>._ Another set‘of doubles iteratiéns is then performéd and'so.fofth.
The final result of this type of calculation is a wéve‘functioﬁ of tﬁe form
of (1) Single'subétitution‘cqnfigurétions have identically‘zero expansion

P . o 1 , 19,22
coefficients since the iterative scheme yields Brueckner orbitals.” ™’



The energy of a wave function of the form of 1) is

= . = <Y > '
E=E, + E e, and E_ rwolleo | (5)
. P , . .

where €, are "pair correlation energies" and are given by

ey = {q,o+q,|H-Eo|q;P>‘/ <tp[1p>._ | - ‘_(:6) R

The correlation energy contribution of the single substitution

-configdrations for a.wave function of the form of'(2)~isagiVen by

ot DG Wl @
' i,a :
Adding»eS to the'energy in (5) gi&es the total energy of ws;

The above expressions‘are'thosé used for.tﬁe variational form
of»the SCEPFtreatment. However, unlinkéd cluster effects may be
determined;apprbxiﬁately, and non—variationally,.by uging a siightly .
different o?efator in (3) apd (4) which yiéldé the'CEPA:treat;mént.21
'-(Ihe following expressioﬁs'specifically refér to CEPA—Z.) qu‘thé

doubleé iterations the self-consistent solution desired'is.
ab : : ' - .
<. -E-jy> = 8
Yp [H-Eyly>=0 : (8)
‘where
P o P

E =E +¢' ahdveé = <p_+p[H-E_|v,>/ (1.0 <, lb>) (9)

- For the single substitutions, we solve



- _.a . ' o o
< - = :
vy [B-E Jy_=0 | . (10
where

- R S = e |
~Ei . EO + EP + es agd P = (ii, 1) v (11)

If.éhéuld be n?tea:thatvthevchoice of Ei‘does not affect the.fingl
solution,.only the éonQergeﬁce,if ﬁhe sequence of iteratiéns is pérformed
until all singlyféUbstituted configuratiQnsiare absorbed. into wo; i.g.,
whéﬁlci -+ 0. bHéwever, it will have some,smali effect on tbe result of a
fixed—l,b0 calculétion.

The SCEP/CEPA calculations éan be perférmed either by iterating to.
convergence or neaf convergence with,the-variational form and then using
_(8}iandu(ll)ito achieve the CEPA self—consistent‘résult or by proceeding
directly to thé CEPA solution. The CEPA calculations reporﬁed here were
of tﬁé fixedéw; treatment and so it was easiest to perform éeparate
variational and CEPA calculatipns.’ In a comparisoh of calculations on
Hzo;zolitiwas shown that thevcorrelation eﬁergy difference of the'fixed—lpO :
. treatment relative ;o'a singles and déubleé CI was'lesé than 0;02%’of
" the correlation.énérgy:obtained by CI. It thué seemed‘reésonable to. use
fixéd%wolwave funétions in.the'study of BeA; whereaé the more critical
1features of the Be2 caléulations-suggested.a~full sequence of the SCEP
treatment,"completely absorbing singly substituted COnfigurations into V-

4

a small error in the CEPA result. A measure of»this-fixed~woxcEPA error

Since in the Be, cadlculations the 'singles are not absorbed, there will be

is found by investigating the energies of four Be atoms at.lérge'sepération;'



ExclusiQe of tﬁe:errof, the CEPA result should be exactly equél to the sum
of the variational energies of four isélated Be atoms in.an SCEP or CI
calculation including single and double excitations from the wave function
of éach atom. . With the aouble zeta basis set described below, a'CEPA
fixed—wo. galculatiOnvon Be4 (R =100 a.u.) gave an gnefgy'of ¥58,466l9
while fqur timeé the.variatioﬁal SCEP energy of a ﬁe atom is —58.46659;

As a percentage qf fhe’cofrélation energy, the fikédéwo CEPA errof is;}tﬁen;
0.2%. This does not séem to be é serious error.but dogs éuggést ;hat more
care should be taken in using the fixedéwo,CEPA éalculationé ﬁhan fixe&¥¢o
‘variational results.

We regard the SCEP computef program to be ‘at a somewhat pfeliminary'
stage of develépment.with efficienCieé cpntinuing to»be implémenced. Iﬁdeed,
during.the course of calculations reported here the computatidn time for a
Be4 calgulation was reduced by two-thirds. The pfogfam curgéntly does not
take advantage of symmetry,lgvso in no symmetry ;he.number'6f'¢onfigurépions
réduired to do an equivaleﬁt CI calculation on‘BeA'is 10,585. 'Computgﬁion
times for Be4 on the Harris iOO minicomputer were. 40 minutes fof'intégréis
, calculat_ion, .@ to 20 minutes for SCF, and 7 hours vfo; a f‘i.x.ed—lp0>SCEP
calculation, with 7 dpubles iterations required fqr'convergeﬁge td i0-6 a.u. :_
and each iteratidn‘requiring under 45 minutes_(using the.most improved '
program vefsion). CEPA’caléulations, require no ex;ré operatiohs énd thus,
the time fof one iteration was the same. Howevef, con§¢rgénce directly to
the CEPA résult required two more iterations than'the variatiénal‘caICulatibns.
The BQA calculations. at R.= 100 a.u. reéuired only 15 minUtes_per iteration

or one-third of the time at a small internuclear distance. The reason for



this dramaticvdifference is that bécause‘bf‘the_geOmétry many of the
two-electron integréls are negligibly émall,’say.less than 10'-10 a.u.

These small valueé'are not included injthe list of tﬁo—electron

ihtégrals which are'prdcesséd.with SCEP in the. construction of varibus
operators. Sgch.a sa§ings from ignoring hegligible integrals is
difficult to échieve with any‘conventional-CI prograﬁ because of the
requirément of an integrals tfansformation,'which at some iﬁtermediate-'
point must-includé the fuil integrals list. This»adVantage of SCEP‘has
"ibeén»pointéd Qut,zo buf Be4_is a particularly'dramatic example.

Be2 SCEP calculations with the 44 function basis sé; described below
fequiredvlesé thah 4.minutes per doubles iteration.‘ Fixed—wo calculations
' required up to 50 minutgs.on the minicompufer.23 Abéérbed singles calcula-
tidns, which were most often run,for‘Bez, variéd in édmpuﬁation time, thbugh
a typical ﬁumber ﬁas somewhat longer than 2 hours. ‘Cohvergence was easy

and Be4 double zeta calculations. With larger basis

to achieve in Be, Beé

sets, the lowflying virtual orbitals were better described giving rise to
~ smaller enérgy denominators used in the first—ordér perturbation iterative
scheme. For theéé basis sets, an additive constaﬁt (see refefeﬁce 20 for a
full discussion) was essential td achiéve convergence. This is avspecial
'-ﬁrbblem only encoﬁnteréd with low;lying-yirtual orbitals; as such, Béz
represents a difficult,test_éasé for SCEP. " Genérally, a éqnétant.of 0.18
was used and'cohvergence was efficient; ' The exact choicé of the constant
is, in fact, not too critical, féf testsjwifh cbﬁstants betweén‘0,12 énd
0.25 affected cdnvergence by just a few iterations.

The.beryllium‘s basis set ﬁsed.was the (9s5'primitive géussian set

optimized by van Duijne\}eldt.24 This was. contracted (98/53) to allow
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maximum flexibility in the valence region, i.e., 51111. The p basis was

the (4p/2p) contracted gaussian set of»Yarkony.25 Thus for Be, a total

4
of 84 primitive gaussian functions was reduced to a final set of 44
contracted fuﬁctioné.' At the SCF level thisrbasis predicts a binding
energy of 33.9 kcal/ﬁole; The Hartree-Fock liﬁit is .expected to be

close to 40 kcal, theuvalue_obtained16 when a coﬁparable'basis'is.augmented
_by a set of.d functions.gentered oﬁ eachvBe_atdm. So it:is seen_that thé

basis set adopted accounts for nearly 90% of the estimated Hartree-Fock.

dissociation energy of Be4.
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Be4 Results and Discussion

For tﬁe Be.atpﬁ,:ouf (9s 4p/5s 2p) basis ?ields,an_SCF energy of
;14,5i229, in ratﬁer clése agfeement'with the'Hartree—Fock limi£26‘
—14.57302-bartreés.' In all the stﬁdies of electron correlation répofﬁed
‘ here,ithe Be:ls or core SCF_orbitéls remainvdoubly—occupied or ftozen;"

From Bunge's wérk27 the valencg shell'cofrelatién energy of Be is about
 ;0,0468.haftreés; Oﬁr_éCEP calculation yiélds an atomié énexgy ¢f *l4.6l667v

hértfees;jimplyingﬂa &alengé shell'correlgtion eﬁergy‘of 0.04438'Har£rees,

or 957 of the Corfélation.enefgy. Thisiis not a particﬁlafly surprising

fesult since it is well known17’18

that most of the 232 correlation. energy

. ) 2 ’ . . . . .
of Be comes from the 2s” - 2p2 configuration. Nevertheless it is encouraging
to recover such a large fraction of the valence shell correlation energy-.

Thé-present Be, results are summarized in Table I. The first point

4
to be made is tHat, consistent with most other carefully studied bmolecular
s?stems,lé correlatidnjincreases the predicted Bg—Be boﬁd distance. ‘In_the.
pfesent case this increasé is 0:.018 Z.‘ Siﬁce'we have shown earliérl6 that
the Hartree-Fock limit internuclear separation.is‘%s2;08 Z, it is.reaéoﬁable
to #dd.the gorrelétion'correction to the léttérrresult'aqd.suggestAZ.lO Z as
‘the estiméted.Be—Be bond distance.__ |

The predicted SCEP disséciétiqn enefgy'ié 35.5'kéa1, or only 1.6 kcal_
greater than the SCF reéult obtained with the samévbasis; AL tﬁe prédicted
SCEP equilibrium éeometry and at infinite separation (aééually r(Be—Be)'=}>
100 bohrs), the SCEP/CEPA procédure'describéd above has been carried ouf.

19,21 L » .
’ does not yield a variational result, it:does 'give

Although this method
a good measure of the importance of unlinked cluster effects. For equilibrium'
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BeA

the'CEPA'estimate'of these effects is 0.0295 hartrees, while 0.0335
hartrees is ébtained aﬁ the'dissociation.limit. Since the symﬁetrié
dissociation of_BeA is an obvious model case for the importance off
unlinked clusters, it -is not surprising that theseveffects slightly
decrease the predicted SCEP De'value, The point fo be emphasized is
that both SCEP and SCEP/CEPA concﬁr'tﬁat'the HértréeéFoék prediction
is essentially.correct. In that sense our results are étronély .
reminiscent of the results Qf_Ahlricﬁs28 fof the-1ithiﬁﬁ'hydride'dimer.
To aid in a visual picture of thé.éorrelatién effécts, Table II
gives the,SCEP and SCEP/CEPA pair énergies.' As diécuésed earlierlg’zo
the SCEP pair energies are variational in that they sum to Yield the
‘total variational.SCEP enérgy. The SCEP/CEPA.enérgies sum to give
the nonvariational SCEP/CEPA energy. We first.note‘that the quélitative
picture of the differentipair energies is the same. in fhe_SCEP and
CEPA treatments. The 6nly difference is fhat fhé CEPAvpair energies
are uniforﬁly'gfeater iﬁ magnitude. = |
In light of Table II, the "fortuitous" accuracy of ﬁhe Hartree-Fock
approximation in Ben cohesi&e'energy prediCtions is readily understood.
As expecteq, formation éf Be4 from the four separated atoms, results in
_ (16—4) = 12 new nonvanishihg pair_energies; Furthermore the magniﬁudes
of the twelve néw pair energies are.by no_mgéns.negligible——they sum to -
0.1049 hartreeé,>more than half of theICaiculated corrélation.extraf'
This’Correqunds-to the normal extra—mélecular cbrrelatioﬁjenergy;for
Boaf ﬁowever, Table Ii also shows that the diagonal paif energies_

E(Zal,_Zal) and e(ZtZi, ZtZi) are much smglle? for.Be thaq for four Be

4

atoms. This is for precisely the reason hypothesized in our earlier

1]
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paper16f—the,availability of Be 2p functions(for the molecular SCF wave
function for Bea. That is, after removal of the atomic degeneracy

effect,¥7’18

the remainihg'diagonal moleéﬁlar'pair energies are relatively
small. It seems cléaf_that this same argument will be appliéable to

Mga'and to Ca, as well.
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A Diversion

‘In the course-of this work it was_decided'tO'apply comparéble
@ethods:to the van der Waals bound Bez‘mblecule;'which should-have
a dissociation energy soﬁewhat less than 1.2 Rcal, the experimenta129» 
bo for Mgz. :With such relatively modest basis sets, one‘dées not
expect an accurate description of the:Be2 potential curve in light

léf pfevious theorefical étgdies‘df syétems sdch as Hg;He30 and Ne—Ne.31
For example, in the He-He systeﬁ 36% of.the well depth may be associated
: witﬁ d functions and 6% with f functions. Since p functions are already
accessible in the Hartree-Fock description of Be2, onejline of reasoning
-might suggest that as much as 6% of the Be2 De could be due to g
functions.32 Nevertheless we proceeded, beinggparticularly intrigued

by the predicfion ovaade33’that Beé is somewhat bound at the Hartree—‘
-Fock level.

More specifically,the Hartreé—Fock energy of two infinitely
separated Be atomé is 2(-1-4.57302).2'6 ; -29.14604 hartreés.v However éﬁ
r(Bé—Be) = 8.5 bohrs, Céde computes E(SCF) = -29.14667 hartfees,_a result
0.40 kcal/moie below the separated atom result. Using a variéty.of |
gaussian basis séts, we'wefe unable to predict any SCF attracpidnA
between two Be atoms, either at-R = 8.5 or elsewhere. Next a large
Slater basis was chosen Be(b6s 4p -24), yielding‘an SCF enérgy -29.14571
hartrees, or O.Zl-kéal above the asymptotic limit.:@ Finally, we eval‘uated34

“the total eﬁergy of the wave.function reported by Cade and obtained

" =29.14567 hartrees. We conclude that the Be-Be hartree-Fock potential

curve.is repulsive near r = 8.5 bohrs.
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Undaunted-by the‘above results we c;rriéd oht SCEP caiculétioﬁs
on Bez using'tngbgaussian basis giﬁen in Téble lli; The s basis is
that of Vaﬁ Duijneveldt; contracted (123/75)’while<the_p'basis began
with the earlier cited (4p/2p) set. Then a more diffuse p function
- was added and this exponent‘aﬁd the next larger one simultaneoﬁsly
op#imized. 'Thévd function_orbi;él exponent waé obtimized in SCEP
calculatibns ét r(Be-Be) = 7.0 boh?s. .The'reSQlting SCEP poteﬁtial
curve has its minimum at foughly 8.5 boﬁf internuclear separation. At
R =>8;5 évtotal SCF energy of -29.14553 haftreés was found, 0;21 kcal
repﬁlsiye in'agreement with our large Slater basis. The SCEP result
bf -29.22987 however was weakly bound, by 0.13 kcal relative to the
.comparable Be + Be limit. CEPA célcﬁlations.at‘R = 8.5 and 30.0 bohrs
yield essentially Fhe sﬁme biﬁding.energy. It seems cléar"that {o-oﬁtain
a realistic result, say 0.7 kcal for. the dissdciatiéﬁ energy, a much
largéf basis sef.(including perhaps one ﬁore d function, two f fuhctions,
and one set of g funétions) is required. However, the present experiénce
is reported here in the hope that it may. be of some'dse'tb future

investigators.
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Concluding Remarks

Perhaps our major éonclusidn is that the cohesive energies of
alkalingiearth metal clusfefs Mn are qu;litatively predicted by the
single configuratién Haftree—Fock'approximation._ If this conclﬁsion
ivaélid, one can make an interesting estimate of-the true dissociation

energy of Be the'largest_gluster studied using minimum basis SCF

®22°
methods.9  Fdr Bez2 the predicted coheéive energy was 22.0 kcal/aﬁom;:

a result which must be corrected for basis set deficiencies. 1In the
Be4 system, the comparable minimum basis SCF diésociafion energy is -
Dy v 25 kcal (or 8.3 kcal/atoﬁ), as oéposed to the near Hart;ee4Fock
result.of N 40 keal., If the same scale factor (1.6) is abplied to

Be22’ the predicted.dissociatibn enérg& is @ 35 kéa}/mole}

Since 35 kcal is a considerable distance from the metallic cohesive
energy35 df 76.5 * 1.5 kcal, it Seems-clear»that Be22 is not é good
model of the metal with respect to that particﬁlar pfopefty. - However
it is of considerable‘interestwté compare thisbresult with a much
simpler empirical model. The latter model assume that thé diésociétion
energy of a particular cluster is directly proportional to the number
of nearest neighbors or "bonds". In the hcp metal, each'Be atom_haé_

12 nearest neighbors, i.e., tﬁere are six "bonds"‘pef,Be atoms. However

in our Be,, cluster there are only 67 "bonds" or 3.05 "bonds" per atom.

Thus thée empirical model predicts

'<2i?§) 1 (76.5) = 38.8 keal »': o _  (12)

for the Be22 dissociation-energy.‘ Although theAagreemenf with the:_

“theoretical prediction of 35 kcal is by no means peffect,vit is good
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enough to suggest thét_the model provides a qualitative ekplanation of

the cluster size dépendence of the diésociation_energy.
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Iable I. Summary of results for tetrahedral Be&. .All energies

in hartree atomic units unless otherwise indicated.

E(SCF)

Geoﬁetry . R(Be—Be)

SCF optimqm . 2.09 A -58.34322
SCEP optimum 2.114 A . _58.34310
Separated atoms o | -52.28915

33.9

- ME(Be, > 4Be) -
(kcal/mole)

. . =]
2 The SCEP/CEPA-2 calculation was performed at R(Be-Be) = 2.114 A, the predicted internuclear

E (SCEP)

-58.48923

-58.48934

. =58.43270

35.5

'_separation’from the variational SCEP procedure.

are
Correlatién :
Energy E(CEPA)
0.14601 _-
0.14624 -58.518842
0.14355 ~58.46619
-- 33.0



Table II. Pair energies (in hartree atomic units) for Be

=22~

4

equilibrium geometry and separated atom limit.

 Spin

Pair ‘ Coupling
(2a1, Zal) : v_ .+ singlet
(Zal,_th)a . singlet
triplet
. b S
(2t2i, ZtZi) singlet
(2t 2t2j)c _  singlet
triplet
Lep

Single excitations

" Correlation energy

R= 2,114 A
SCEP CEPA
-0.0059 ~0.0069
-0.0200  -0.0237
-0.0108  -0.0125
~0.0491 -0.0595
-0.0298  -0.0370
-0.0286 -0.0317
-0.1442 -0.1713
-0.0021  -0.0044
-0.1463 -0.1757

at its

R = 100

SCEP

_Q;

0

0357

.0000

.0000
.1070

.0000

.0000
.1427
.0009 -

1435

bohr

CEPA
-0.0439

0.0000

~ 0.0000

-0.1318

0.0000

0.0000
-0.1758
-0.0013

-0.1770

2 These "pair energies'" are each the sum of three results, i.e., [(Zai, Ztgx) +

+ : "
(2a,, Ztgy) (2a,, Ztgz)]

. | _ .
S f 2t , 2t + (2t ., 2t + (2t , 2t .
um of [( gx gx) ( - gy) | ( oz gz)]

. . B ‘ ,
S f [t _, 2t + (2t 2t ) + (2t 2t .
um o [(_ gx’ gy) ( gx’ gz) ,(v gy’ gz)]
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Table I1I. Beryllium atom contracted gaussian basis set for use in

the Be2 molecule electronic ground state..

_ , Contraction
Type \ Exponent o Coefficient
U 1s ©11781.69 0,000 120
s 1760.98 ~0.000 939
1s 398.404 0.004 951
1s . - 111.638 0.020 723
1s o 35.8247 0.070_833
1s - 12.7216  0.186 700
1s 4.87486 1.0
1s | 1.967 869 1.0
s 0.830 394 1.0
1s  0.258 705 1.0
1s | 0.106 756 1.0
1s 0.043 102 i.o_
2p 3.202 = 0.052 912
2p 0.6923 0.267 659
2p 0.2016 0.792 085
2 0.1183 1.0
zp  - 0.0694 1.0

3d 0.19958 1.0 -
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LEGAL NOTICE

This rep‘ort was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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