PHYSICAL REVIEW A VOLUME 55, NUMBER 4 APRIL 1997
Interpair and intrapair electron correlation of low excited states (°A;) in NaCl,
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The interpair and intrapair electron pair correlation energies of the low-erférggxcited state of NaGl
have been analyzed and compared with the corresponding energies of the @Bgstates. The total interpair
electron correlation energy in the excited state dominates, just as in the grounfiSa&0-294®7)01903-3

PACS numbsgps): 31.25.0m, 31.506-w, 31.104+2z

INTRODUCTION malization{y{¢ye)=1). The exact wave function is expanded
in a series of configuration&f}'.’ll' with electrons excited
Much attention has been paid to electron correlation probfrom orbitalsij --- to orbitalsab-:-;
lems by theoreticians since the early 1960s. Sinandg)]
defined exact electron-pair correlation energies, and did em- _ aja ab,ab_ .
pirical calculations of those pair energiegd. Nesbe{3] and U=t 2 Clyf+ 2 CIPYP . @
Davidson and co-workeljgl—6] did ab initio calculations of . . .
some electron pair energies. In 1995gdi@l.[7] published a  Nserting Eq.(2) into Eq. (1) gives
systematic calculation of the interpair and intrapair electron
correlation energies for the ground staBs of NaCl,. They Eczz gj +2 &ij , ©)
pointed out that since the interpair correlation predominates, <]
the assumption of the Popkt al. G1 [8] andG2 [9] meth-
ods for correcting deficiencies in the electron correlation of
molecules is justified only if most of the error is in the a a
smaller interpair correlation. Also, there is no theoretical jus- ei= 2, (Yl HIYDCE, (4)
tification for usingN/2 rather tharN(N—1)/2 as the number 2
of pairs in the Pople correction for quadruple excitatia]
or the Ahlrichs average pair correlation enefdyt]. eij= > (Yl HIYSPCEP. (5)
All of the Juet al.[7] conclusions are based only on the ab

calculation results for Nagl(C,,) in its ground stat€’B;, | all calculations the 631.1+G* split valence polarization
e, (1-10p1(1-7)b38b3(1-2)a3(1-3)o1. How about  pagis set was used at the equilibrium geometry reported by
the electronic excited state? How does the excited electroR, 5nq Davidsofi12]. The electron correlation calculations
affect a change in intrapair and interpair correlation? Doe$yere carried out using the MP2-OPT1 metHdd,14 for

the interpair _correlation still pred_ominate? In order tolanswetihe low excited stat®A, . The molecular orbitals used are the
these questions, the low excited state, (1a80a1(1  ROHF canonical orbitals as described in Rif4]. All cal-
-8)b3(1-2)a3(1-3)by, of NaCl, was taken as an ex- cyjations were performed using the MELD suite of elec-

ample, doing the calculations at the same level as for thg,nic structure codefl5]. The interpair correlations were
ground state of NaG| making the comparison between them g, ther summed over all spin combinations and actually rep-

reasonable. The ground state of Na@iay be described, yesent four electron pairs when both orbitals are doubly oc-
approximately, as N&Cl,~ with the odd electron in the’ cupied.

orbital of Ch. This excited state is still N&Cl,~ with a
7—a* excitation of the GJ”. This leaves the odd electron in COMPUTATION RESULTS AND DISCUSSION
an orbital of the same symmetry as the @&bital of Na, but

the calculation shows that the orbital remains localized on A. Intrapair correlations

Cly. Table | shows that the correlation energies of the electron
pairs, which are in different molecular orbitals, are very dif-
COMPUTATION DETAILS ferent, such as 11.62 mhartree for trefair but only 0.80
millihartree for 52 or 4b5. Notice thate(5a2)=¢(4b3),
e(3a3)=¢(2b3), e(4a?)=¢(3b3), etc., which shows the
Ec=(¢nelH—Epel9), (1)  degeneracy of the electron correlation energies. This phe-
nomenon occurs for the electrons in the delocalized orbitals
where ¢y is the Hartree-Fock wave function with energy of inner shells of CJ™ (see Table I, which gives the corre-
Ene, andy is the exact wave functiotin intermediate nor- spondence between molecular orbitals and atomic orbitals.

here

The electron correlation energy is written [d3
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TABLE |. Pair correlation energies contributiofmillinartrees for the 2A, state of NaGl molecule.
la, 2a, 3a; 4a; 5a; 6a; 7a; 8a; 9a; 10a; 1lb, 2b, 3b, 4b, 5b, 6b, 7b, 8b, 1b; 2b; 3b; 1la, 2a,
la, 5.27
2a; 000 11.62
3a; 1.03 000 1.11
4a; 024 000 1.76 0.90
5a, 024 000 1.62 122 0.80
6a; 000 174 0.00 000 0.00 3.00
7a; 000 059 0.0 000 0.00 10.13 8.98
8a; 010 0.00 035 059 050 0.03 007 3.80
9a; 002 000 027 037 026 007 017 571 6.24
10a; 0.01 000 0.13 013 017 004 008 234 558 0.00
1b, 1053 0.00 1.03 024 024 000 000 010 002 001 527
2b, 1.03 000 222 176 162 000 000 035 027 013 103 111
3b, 024 000 1.76 181 121 000 000 058 036 013 024 176 0.90
4b, 024 000 162 121 1.60 000 0.00 050 026 0.7 024 162 1.22 0.80
5b, 0.00 059 0.0 000 0.00 10.12 17.77 0.07 0.4 009 0.00 0.00 000 0.0 8.97
6b, 010 0.00 037 063 054 001 004 7.79 590 263 0.10 037 063 054 003 4.27
7b, 002 000 029 034 033 0.09 020 7.24 1348 6.76 002 0.30 0.34 033 0.18 800 9.87
8b, 0.02 000 032 038 034 002 005 740 1380 6.86 002 0.32 039 034 005 804 19.77 10.26
1b,; 024 000 163 1.23 112 000 000 051 0.33 017 024 163 123 111 000 055 037 040 081
2b, 0.00 059 0.00 000 0.00 1021 17.91 0.06 0.4 008 0.00 000 000 000 17.89 0.02 016 0.03 0.00 9.08
3b, 002 000 027 036 0.33 002 005 566 1020 553 002 027 036 033 004 594 1269 1287 026 004 6.15
la, 024 000 163 1.23 111 000 000 051 033 017 024 1.63 123 112 000 055 0.37 040 162 000 026 081
2a, 001 000 029 040 0.36 001 003 605 1081 594 002 029 040 036 002 652 1559 1590 0.28 002 13.05 028 7.18

The x direction is out of plane and thedirection is theC,

core orbital localized on Naand the other in a core orbital

axi9). For the electrons in the orbitals of the valence shelllocalized on CJ~ (see Table I, such as a2kaZ (k
such ag8-10a,, (6—8b,, 3b; and 2a,, the correlations are =1,3,4,5,8,9,10) 2ajLb3 (L=1,2,3,4,6,8 2a?Mb? (M
much larger and very different, hence no degeneracy occurs=1,3), and 2a?Na3 (N=1,2), are approximately zero. So
This means that the orbitals of inner shells retain their atomi¢hese results support the model NaCl,~ for the excited
nature and the orbitals of outer shells mix strongly. The genstate[12].

eral character of the low excited st&#, is similar to that of There are also many degenerdte nearly degenerake

the ground statéB, but the total intrapair correlation energy sets of the interpair correlations energies. One electron from
of the?A, state is 5.15 millihartree more than that of il a degenerate set of intraorbital electron pairs combining with
state. one electron from another degenerate set will produce degen-
erate interpair correlations. For example, the degenerate con-
figurations &2 and 1b5 combine withK? [K=(2-9)a,,
(2-8b,, (1-3b; and (1-2a,], producing the degenerate
interpair correlations. Thus, the interpair correlations ener-

B. Interpair correlations

It is expected, like intrapair correlation, that the variation
of interpair correlations is very large for the electron pairs in
various orbitals. In Table I, the largest is 19.77 millihartree

for &(7b,,8b,). The interpair results with one electron in a TABLE lll. Single excitation energy contribution@millihar-

trees for the B, and?A, states of NaGlmolecule.

TABLE Il. Main component of the RHF MO’s &E,, symmetry 2B, [7] 2, 2B, 25,

of NaClL molecule.

la, 0.00 0.00 2 0.00 0.00
la, 1sg 2a; 1sna 3a; 0.01 0.00 4, 0.02 0.01
3a; 2s¢ 4a, 2pPycl 5a; 0.00 0.00 &, 0.00 0.00
5a,; 2D, 6a; 2SNa Ta; 0.00 0.00 &, 1.67 1.85
7a, 2PNa 8a; 3s¢ 9a; 2.14 0.03 1@, 5.97 0.00
9a, 3P, 10a, 3Pxa 1b, 0.00 0.00 D, 0.01 0.00
1b, 1sg 2b, 2s¢ 3b, 0.02 001 b, 0.00 0.00
3b, 2Dyl 4b, 2D, 5b, 0.00 0.00 ®, 2.53 1.46
5b, 2PyNa 6b, 3s¢ 7b, 0.12 229 &, 0.00 231
7b, 3P, 8b, 3pxal 1b, 0.00 0.00 D, 0.00 0.00
1b, 2pyc 2b, 2Pyna 3by 0.09 0.03 Hh, 0.00 0.00
3by 3pyc la, 2pyc 2a, 0.10 0.02
2a, 3pyc Eiotal 12.68 8.01




2642

TABLE V. Intrashell and intershell correlation energy contri-
butions(millihartrees for the?B, and?A, states of NaGlmolecule.

KNa I-Na KCI I-CI M
’B, [7]

Kna 11.62
Lna 350 113.94
K 0.00 0.00  21.07
Lo 0.00 0.00 7.01  48.90
M 0.01 2.26 0.62 22.20 283.35
One-body 0.00 0.00 0.00 0.06 12.62
Kna 11.62
Lna 351  114.06
K 0.00 0.00 21.07
Lg 0.00 0.00 7.00 48.77
M 0.00 2.15 0.61 22.38 295.82
One-body 0.00 0.00 0.00 0.02 7.99
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TABLE V. Total intrapair and interpair correlation energy con-
tributions (millihartrees for the 2B, and?A, states of NaGl mol-
ecule.

Single Intrapair Interpair Eiotal
2B, [7] 12.68 102.03 412.46 527.17
2.4% 19.4% 78.2%
A, 8.01 107.20 419.79 535.00
1.5% 20.0% 78.5%

total one-body contributions of the low excitation stig is
less than that of the ground std®, and is about 1.5% of the
total correlation energy.

D. Intrashell and intershell correlation energy

Table IV shows the total intrashell and intershell correla-
tion energies for low excited stafd. The intrashell correla-
tion dominates, but the intershell is not negligible. THe

gies in the first column of Table | may be seen as a dual of iténtrashell correlation energy is 56.8% of total correlation en-
eleventh column and row. So Table | consists of some dual§rdy, much larger than those of the other intrashells. The

and pseudoduals.

The interpair effect(overlap is strong in some orbital
pairs, such as thes2p and 2,2p, interpairs in Na and in
Cl, and 33p and P,3p, in Cl. This leads to a predomi-
nance of interpair correlations.

intershell correlations between the Na shell and the CI shell
are mostly zero. This supports the model'NCl, . TheM
intrashell correlations of théA,; state is—7.84 millihartree
more than that of the ground staf®,. The intershell cor-
relations are almost the same for both st&Bsand?A;. So

It is interesting to note that the interpair correlation be-& frozen core calculation of the excitation energy should be

tween the symmetry delocalized core orbit@se Table )

valid.

is twice that of the intrapair correlation corresponding to that

orbital, such as 10.53 millihartree fomilb,, but 5.27 mil-

lihartree for a2 or 1b3. This can be understood by the fact
that the total second order correlation in identical nonover-

lapping atomic core orbitala and b, with negligible e,
can be given as the sum

Ec(a’h?) =gaat epp=2[(a+b)’]+e[(a—b)?]

+e[(atb),(a—b)], (6)
where
e[(a+b)’]=¢[(a—b)’]=3¢[(a+b),(a—b)]
= 7€aa=2€bb- (7

C. One-body contribution to the correlation energy

Table Il shows that most one-body contributions are ap-

proximately zero, except those o&g 6b,, 7b,, and &,.

This is different from the ground stafB, and can be under-
stood based on space orbitals. These are the effects
Brillouin-allowed “single” excitations. True single excita-

CONCLUSIONS

The main conclusions emerging from the present calcula-
tions, which are the answers to the problems posed in the
Introduction are the following(1l) There is no universal con-
stant value for the intrapair or interpair electron correlations
in both ground statéB, and low excited statéA,; of NaCl,.

(2) The interpair correlation still predominates for the low
excited statéA, of NaCl,. It is responsible for 78.5% of the
total correlation. Thus, this supports our previous conclusion
[7]. Therefore, a fundamental assumption underlying the so-
called “higher level corrections” is flawed, based on our
calculations of the ground statéB,, and the low excited
statezA1 of NaCl. (3) The interpair electron correlation en-
ergies have to be considered in building models for correct-
ing the post-HF calculationgsee Table V.
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