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ROLE OF ELECTRON CORRELATION IN A PRIORI PREDICTIONS OF THE
ELECTRONIC GROUND STATE OF BeO
Peter K..Pearsonf, Stephen V. .0'Neil, and Henry F. Schaefer III
| Depertment Qf'Chemistry.enda
Lawrence Berkeley Laboratory
. Unlver51ty of Callfornla
Berkeley, Callfornla 94720

>Angust 1971

T'ABSTRACT.

fAb 1n1t10 wave functlons 1nclud1ng electron corfelatlon have been caleulated
for the 3H state of BeO. A (hs 2p_ld) ba31s set of Slater functlons was centered
on each atom. The iterative natural orbital method was used to. optimize the set
of moleeular.orbitals employed in each 591 configuration first-order wave
furlxctionf Tﬁev3H énergy'calCﬁlated here is 0.73 ev above the lZ+ enefgy'obtained
in a‘compaiable calculatioh,ﬂ Since neae Hartree—Fock‘calculations result in a
31 energy_below the lZ+ energy,jit seems Cleaf‘thet electron correlaﬁion pla&s a
- crucial role in the orderlng of these states. Pfedicted spectroscopic constents -
for the 3H state are: R = l;h63.A w, = 1270, and B, = 1.365 em™t. Natural
orbltal occupatlon numbers and coeff1c1ents of 1mportant conflguratlons in the

CI wave functions are~presented'to,deseribe the elecﬁronic.structure of’3H BeO.
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* INTRODUCTION
This is the third paper in a serlesl"2 aimed at predicting the symmetry

of the ground state of BeO from' theoretical calculatlons 1nclud1ng con31derat10n

3,4 1

of electron correlatlon. . Prev1ous papers152 have treated the Z+, 32 » and

3g- states;

The long—standlng interest 1n the undetermined symmetrles of the ground

states of BeO MgO and Ce0 is a matter of record.5’6

I

' Candldates for ground
states have been Z s L and 3H{ The dlfflculty in determining which are

the ground stateélresults largely from the fact'that‘no triplet'states of these
. : . , . ;

molecules'haue been observed exnerimentally“v For BeO Huo, Freed, and Klemperer

lZ+; 3H and II states.

have performed near Hartree—Fock (HF) calculatlons on the
Although the near HF results 1nd1cate ‘that both H and 3H (lylng a little below

H) 11e below Z , it is known from experlment that H really lies substantlally

above 12+. By assumlng that correlation effects would not appre01ably change

lH - 3IIAseparation, Huo éﬁ.éi‘ concludéd that the 3H state actually lies
1+

‘about 1 eV above the I .  An inescapable conclusion of the paper by Huo et al.

is that electren‘correlaﬁion'plays antimportantvrole in deferminingvthe order

' of the low-lying states.

states have already been 1nvest1gated in calculatlons

similar to those reported here. ~The 32‘ state was found to be unbound whlle the

he 15, 35, ana 35"
I state was found to lie 1.93 eV above the _Z « The approaeh used in these
calculations includes electren eorrelatien tnrough "first-order" CI wavefunctions.
This method haa been used to caleulaﬁe potential curves for various states of -
8 . 4 L+ e ' .
o BH,9 HF and HF ?lQ and KrF ;ll'where its reliability has been'verified by

comparison of calculated and ebserved spectroécopic constants. We therefore are

0

reasonably confident that.the indicated ordering of theflowalying atates of BeO

is correct..
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" CALCULATIONS

A;. Method

'The;besis>set'used here.consists of contracted Slater functions: four
. s; two p} and one 4 on each s.tom,l fIt describes the.individual atoms essentially ¢
to Hartree-Feck accurac&,,while yieiding a self-consistent-field (scr) energy.
r 30 BeO at R, rohghly»0.00S.hdrtree (O.O8HeV) abcve_that obtained by Huo

et al. .In tﬁ?ﬁ, the Hno SCF‘energy-prcbabiy'lies-sbout 0.00S hartree above: the
HF limit. |

- Correlation is'treated through use of an aspproximate first-order wave
~ function. The trne finstecfder weve funetion is composed of'(i) all "degeneracy‘
effect" conflguratlons, i.e. all arrangements of the electrons within the valence
orbltals,vand (11) all 51ngle exc1tatlons thereof. - Since correlation among the
1nner electrons is presumed to be structure—lndependent, such correlatlon is
?Iexpected to be 1mmater1al in the calculatlon of bondlng behav1or etc., and the
‘conflguratlons requlred for 1ts descrlptlon are dropped in our approx1mate
flrst—order wave functlon. (For a full descrlptlon of the conflguratlon selection
vprocedure, see Refs. 1 and 8.) The 591 conflguratlons used in these calculatlons
are shown in Table I.

As before, eaChrcelculation was performed in-fhreeystages.: The first
sﬁage‘obtains the SCF solution (within our basis set) by pefforming natural
orbital 1terat10ns on the reference conflguratlon and all its single excitations,
-until the energy- contrlbutlons of the 31ngly—exc1ted conflguratlons vanish.

| Now it is known that in an SCF.wave function, the requirement of anti-.
symmetrization ailows certain'gnoups'of orbitels toswﬁixﬁ within: a unitary "
vtransformaticn winhoutvchsnginé‘the wave function,at¢si;;. for_inStanCe, in nhe

2 3

’3H refe:ence configuration, 10 2q2'302 hg? 50 17, all*xctations'amcngvthe final
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lo, 20, 36;igﬁd Hofofbitals yieia'équally écceptable SCF solﬁtiohsg eéuallyA
likely to result from our SCF‘éﬁagé; Since:the first-order stége of our calcu-
lation does distinguish between, for instance, the 10 and o orbitals, we find
it neceéééry to3protect théififstéoraér stageffrbm:the'céprices of the SCF stage
with anwintermeQiate stage Whicﬁ_rotates the occupied orbitglg intb approximate
agreement with:the convéﬁtidnél'HarﬁréefFock orbitals.. SihultaneOusly a general
uniformity:is iﬁpésed nfon.ﬁheIVirtual orbitals. ‘This;is accomplished by trans—
forming the virtual.orbitéls 80 as tovdescriﬁe.fhe excited's£ates.of.the Beof |
ion. | | |
V-Thevthird stage then_cqhsistéhof naiurai orbifal.iterations.on the

(apprbximate) first-order wa&efunction;' |

Fof:thése éalculdtions_on the 3ﬁ state of BeO (at each Qf 6 internuclear

separations); typical computation times on a CDC 6600 were:

SCF stage :' ;_5v"5 iterations at 267se¢ondsweach;
‘rqtafioh" . _-;-' ngSéCOnds;
first-order --- 10 iterations at 150 seconds each

(comprising 80.sec'f6r'set£ing_Up the configuration inter-
‘action (CI) matrix, 50 sec for obtaining the lowest eigen-
' valﬁe’and’eigenveCtorjof'the 591 X~S9lvmatrix, and 16 sec

for two-electron integral transformation).

~ B. Natural Qrbital Convergence
A single'natﬁrai'orbital iteration consists of a CI calcﬁlation followed

by an orbifal transformation designed to diagonalize the first-order density
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matrix oorreepondiné to fhe CI wave function. The effect of the density matrii
diagonaiigdtion‘is to'feafrenge\the éfbitals in such a w;y thet dominant orbitals
genereily beéome more imnortant} and higher virtual orbitels less important. As e
e usual conoomitent.effect, the oontributions of a large»nnmber of'confiéurations
in thé-CI'enpeneion‘diminish markedly, indicafing that with the‘new_orbitals,.
the corfelation in the same CI wave fnnctiOn may be described with fewer con-
figufgﬁions. .In the case of a full CI calcuietion; e CI ealeniation following.
thevdenSify:naﬁrixxdiagonaliiafion'wili yield eXactlj the same wave function
(31nce a rotatlon among the orbitals does not ‘alter the space spanned by all
conflgurations constructed from those orbltals) but will describe it with fewer
1mportant conflguratlons than dld the flrst CI In other words, e few con-
flguratlons w1ll be greatly 1mproved31n thelr descrlptlon of the wave functlon.

In the case of a Eartial CI, one mlght expect that such an 1mprovement
among & few 1mportant configuratlons could actually result in a better wave
'functlon. And 1ndeed, it generally results that the second CI energy is
‘substantially lower than the first, and a third lower than the second, and thus
natufel?orbital iterations are continued until the Qownward trend in the CI
energies>comes”£o an end.

‘This end can come abont in either of two ways: sometimes the successive
improvements in the CI energy beéome_progressiVely smaller and fall below some
_fhresnold,'vhefeubon theinatnrel orbital iterations are stopped; ornsometimes
avbi energy higher than the previous energy éppears,‘indiceting the onset of a .
' period'of-megnderings toward higher energies, and NO iteretions are, asgain,
stopped. In this second‘caee it becomes cleér thaf in an incomplete CI‘calcu-
lation, the NO trensformetion is not obliged to yield & lower emergy. Nonetheless,

‘since the upward regression is usually small in comparison with energies of interest
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(generaily less than.o.Ol er,‘and since each CcI calculation'is itself a varia-
tional calculation,.ve feel'Justified in taking the lowest CI energy as our |
final value._‘(fhe final justification, naturally, comes.from'comparison)with'
experiment ) | | | |

The convergence of the natural—orbltal procedure was slower for some
calculatlons on the 3H state of BeO than for any other calculatlons we have
reported.v Although the calculatlons at 2. 3, 2 h and 2 5 bohrs all ended neatly
when the CI energy increased on the flfth 1terat10n (by less than 0.01 eV in
veach case) the calculatlons at 2. 7, 2.9, and 3 1 bohrs took 20, 15, and 13
iterations before the monsotonic descent of the energy-fell below our threshold

of 107°

hartree; Since convergence in about 5 iterations is customary, such slow
convergence (particularly on‘so large a problem) is perplexing; Inspection of
the orbitals at.various points tovard the eénd of each of these three.calculations
shows that they are changing monotonicallyiand slowly; suggesting that the
de51red progress is being "damped 'The nost‘obvious way-to hasten convergence
.would be to add an extrapolatlon feature to. the 1terat1ve natural orbltal pro--

cedure. Such a feature has proved very useful in multlconflguratlon SCFtcalcu—v

: 2
lations;l
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RESULTS
The energies calculated are tabulated in Table{II. Figufe 1 snows the
position of the 3H state in relation to the states previously calculated. The v

1p* is seen to be the'loﬁest; with a calculated minimum energy of -89.58466

hartrees. The 35% state lies 1.91 eV (15,430 cm_1) above the lZ+, comparing

well w1th the corresponding state of the 1soelectron1c molecule C2, which lies

13 312 cm l’above the lowest Z , However, arguments-based on the isoelectronic

_ 3

‘molecule seem shaky with a Z i separation of roughly 6000 cm (versus

6lO cm in C ), and are- apparently completely mlsleadlng in the case of the

32-'state.‘ Although we calculate the 32 state of BeO to be repu131ve the
corresponding 32' state of C, is bound and lLes only 6h3h em™t above the lowest
et

A simple program which;fitsla fifth;aegreé polynomial to the tabulated
potentiallcﬁrVee calcﬁlated the spectrosconlc_constantsrshown’in Tables III and
IV. Since the -II state has never been obéerved;'the cofresponding constants for
the IH‘state'are pfovidedvfor-comnarison. Huo et'al. fonnd the potential curves
for the 3H and H states--in the SCF approx1matlon-—to be nearly parallel, sug-
gestlng that the 3H and H v1brat10nal and rotational constants would be similar.
Table III shows that the constants calculated from the first-order potential
cufve.are reasonably close to those observed for the lH{ Especially noteworthy -
is the close agreement (ﬁell within our expected error) between the calculated
and qbggrved R ‘Also note that our calculated value of 0.734 eV for the z* - 3m
.separationl(reliable to-ronghly 0.25 eV) is in reasonable agreement with the Y
value estimated by Huo, Freed, and Klemperer, 1.05 eV, supporting the assumption

incorporated in their semi-empirical prediction. .
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The nature of this'deSCription_of the'éorfeiétion energy'bf 3H BeO is
bestfseen from'tabulafidns 6f1£hé.69efficients of impoitant configurations in
the aﬁproximate.first—érdéf wafe functidn (Tabie V) éhd»thé Qécupation numbers
of the-impofﬁant.ofbitais (Téblé VI).‘:The éoefficient of fhe‘3ﬂ'reference con-
‘figuration; 0.985, is cbnsidergbly cioser:to unity tﬁahbthé cOrfesponding coef-
fiéieﬁt fdr-£he 1ot state (0.973), consisteht ﬁith the hotion that correlation
energy iS-mofe impoftant in the ;Z+ state. .The most important exgitation is
lﬂ2.+ 2ﬂ2,.as i£ was both for lZ+ and for 3Z+,'folléwed closely in this case
by'ho.lﬂ 4 6n‘2ﬂ,'which may;cérrespond tQ the second—most-important ho 1m > 56\2n_
in‘thé case of 12*. Also.indicaﬁive éf the smaller_fbie of cdrrelation in the
3H state are the occupation numbers , whiCh_are unifqrmly:closer to their singie—
Caniguratioﬁ limits then in the 15* state. The 27 and 60 orbitals are seen

to deséfibe;the greatest part of the correlation.
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] ADDITIONAL'COMPUTATIONS ON THE'3Z— STATE
‘ ‘ 1

Since-wé submitted our<calculations on the 32_ state Dunning and Hunt

have conjectured that the conflguratlon 102 20 30 ho ln3

2T, omltted in our
calculatlons, may contribute substantlally to. the stabllity of that ‘state. An

SCF calculatlon on the lﬂ3 am conflguratlon ax 2.7 bohrs gave en energy of
-89.295 hartrees, compared with -89 291 for the conflguratlon used in the orlglnal
calculatlons (lc 20 30” EGV 50_ lﬂ ),v A small calculation involving both con-
_'figﬁéapions yielded a substantial‘energy iﬁprbvement (to -89.341), but did not '
bring the énergy below'tﬁe‘diSSOCiétion limit (789.382). Firsf-ofdervcaléulations

are under way.
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Table I.. Configurations included in the approximate first-order

wave function for the 3H-state'of BeO.

_ 3 . _
Exciﬁation pernogggii§u£§2:;2§cy confgzziitions
Reference 102202302402501m3 1 o

io-+‘$o,;,. 1ho 1 - ‘ 10
20 + 50,... lko | 1 ' . 10
30 + 50 N - 1 | a1
30 + éc | o 3 o 3
30+ T0,... lko ! ' 8
'ud *:56 ' : ‘ 1 ' , .: - - l‘
4o + 60,... 1ho | 3 | e
50'4 éc,.}. o | 1 | 9
im > 2m,... 6m i . L _ : | 20
306° > 5060 | 1 1
BN 6023 1 1
> in2ﬂ - o R - 1
> 21° L b
 30ko > 5060 - S | 3
| +'602 | | 3 . | 3
- l‘né*rr R »' R i | .3 V ) 3‘
- 2’IT2 . 12 12
-+ lﬂ2ﬂ | | | 1 | | v~ -1

(continued)
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: _'-Tabie I. (c'ontinued) :

3n Configurations - T - Total -

” . itation o o : 3
¢ : Excl at%qnu per orbital occupancy ' - configurations

| 3&1w‘+'s¢2ﬁ‘_' o : | o f'.-_'_ o i_«j oy

42 > 5060 L ";” ,:' - 1 oy

%%*@?ﬂf:j    ; i1_f ”f "  1

“. 4 iﬁ?ﬁ :' 1fi_;   R : _ :  ;, . : “.. o s
Mwmesor o w

..%V6Q2ﬁ' o . . P I U }: '_1,’ 12

‘ 13 ‘+ 566& B ;  ; T : B o :’”'- 1

':;&é: '  '  'fr ':j‘ Sy

ey

- 4o“ > 5onc’ 'n=7,.;;,1h;;_ R :

o
v

deso>bomo 3k

(continued)
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vTable I;,'(continued)

. 3H;Configurationé, - © Total

Exc}tatl?n per orbital occupancy - configurations

> lmm N Sl ~ s
> 2mm | - 9 o | 36
Lolm + Somm L oo | | 16
T S R
-+ no2m o 12 ' . 96
S5olm -+ 6.6m1r o S : .. 16
>onoem | B | 32
172 - 50#0 ' - 1 o 8
> 6ono 3 . - 2

4?mm», - o 9 - ' 36
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Table II. :Calculated ehergy~¢f the 3H state at farious internUélear-separatidns.

Calculsted

;_?:}

R(Bohrs) scF ‘ _'Firsi;Order Corralation
2;3‘._. ’-.;89;h379' ~89.5048 0}6669
2.h - -89.4508 | -89.5273 0.0675
2.5 -89.&735 ;89,5b2h 0.0689
2.7 | -89.4838 -89.5569 0.0731
2.9 | -89.4798  -89.5550 0.0752
3.1 _ -8,94467,8" -89. 5449  0.07T
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R

_caleulsted for the

o1 state of BeO.

ooy

-89.55TT -0.T3 -

L

CPRes. 7. -

SR RN
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Table IV.. Summary of predicted spectroscopic constants for the low-lying
~ states of BeO. (:Experimehtal’valuesb in parentheses.)

state T () R ufen) B (en)

! ot o Lms(1.s:) 1629(1&87),  1.699(1.651)
31 S 0T34 1463 1270 ". 1.365
by (1.166) (1.463) (11k4h) (1.366)
3 o193 1.384 123k o 1.s21
35  REPULSIVE | | |
PRet. 13.
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Table V. Coefficients of important configurations in the

3II wave function at 2.7 bohré'.‘
Excitation . o D Coeffiéie_nt >
Reference - 102202302h02561ﬂ3 _ | 0985 ' | T, N
| 1n® > en® ).090
holm » 602w ..0904
im » 2'rr ._05 6
46° + 5060 ). 05k
im = 3w .O3l+/_
holm > So2m .026
36° + 1mom .023
Lhoso.- > 1n2ﬁ .023
ha® » Tmbw .023
501m + 602w .021
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Teble VI. Orbital occupation numbers for the two lowest states of
o ~ BeO near their equilibrium positions.

3]1'(2."{' bohrs) l2,"*"(2.5 bohrs)

e " : B  '; 7"“'  " é;Qv.  "3"'A oo
v,2¢f a} o '7'   ;’,;’ 2.0 ' n-‘°l o '_L( 2.0
o o o 1.980 o 1.977
S0 - - o | 0.023

60 e _' _ 0,016 o Co -0.011

a0 zo; - 3.929
or o032 ~ 0.070
3n"'[. o e 0}002 v o ~.0.000

e . o.01 . .0.000
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