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Wave functions of excited, ionized, and electron attached states are produced by applying the excitator
method to the mixed-exponentially generated (MEG) wave function for a ground state. This method
is called excited-(EX-) MEG method and the computational algorithm is summarized. The MEG/EX-

MEG method is a generalization of the SAC(symmetry adapted cluster) /SAC-CI method. Test
applications are given for singlet, triplet, ionized, and anion states of hydrogen fluoride at different
internuclear distances (R = Re, 2.1815 Re, and 3.2722 Re). Full-CI calculations are also done for all
of these states in order to examine the accuracy of the MEG/EX-MEG method. It is good and
reasonably constant among the various states with different energies, different multiplicities, different
numbers of electrons, and different internuclear distances, though the sizes of the calculations are

smaller than those of the conventional CI.

I. INTRODUCTION

A purpose of this series of studies'~ is to establish prac-
tically useful theories and computational methods for calcu-
lating potential energy surfaces of molecules in ground, ex-
cited, ionized, and electron attached states, and the
transitions among them. The SAC (symmetry adapted clus-
ter)® /SAC-CI method™’ is well established® and able to de-
scribe these states in considerable accuracy.”!® However, a
limitation of this method is that the SAC theory is a single
reference theory and therefore inapplicable when no state is
well approximated by the Hartree-Fock (HF) model.! For
chemical processes involving homolytic fissions of chemical
bonds, quasidegenerate situations sometimes occur near dis-
sociation limits. Since the SAC/SAC-CI method is so useful
for calculating ground, excited, ionized, and electron at-
tached states, '° its generalization to quasidegenerate cases is
really anticipated. The purpose of this paper is to generalize
the SAC/SAC-CI method to such cases. We aim to get reli-
able potential curves of ground, excited, ionized, and elec-
tron attached states by smaller-size calculations than ordi-
nary CI methods.

Electron correlations in atoms and molecules may be
divided into “separable” and “nonseparable” (or ‘“‘cou-
pled”) ones.>'"'? For separable correlations, cluster expan-
sion of the wave function is most suitable.'® It is written as

PSAC exp(z CKS;()|0>, (1)
K

where the exp operator is defined by

1
exp(; CeSk) =1+ 3 Gk +1 3 CeC,5151
K K,L

(2)
1
+§K;MCKCLCMS}SISL + -
and |0) is a single determinant,
0) = |lpa@\ B @a@.p - p.ap,B]. 3)

This is the SAC expansion since the excitation operator S §
is chosen to be symmetry adapted. It belongs to the coupled
cluster approach which was developed and used by Cizek,'?
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Paldus,'* Bartlett,'> Mukherjee,'® and others.!” We have
introduced the SAC expansion,® since the symmetry adapta-
tion of the operators is necessary, because otherwise the
wave function represents a mixed symmetry.'® This expan-
sion satisfies size consistency'® or size extensivity,?® and
self-consistency.?!

When the SAC theory well described a given state, the
excited, ionized, and electron attached states produced
therefrom are calculated by the SAC-CI method. This com-
bination of the methods, SAC/SAC-CI method, has been
applied successfully to a variety of molecular spectroscopic
properties, as recently summarized in review articles.>'°

On the other hand, nonseparable correlations are not
written by the exponential operator given by Eq. (1).! A
typical example is the so-called quasidegenerate correlation,
which appears in bond-breaking processes, open shells, and
excited states. In the previous paper, we have proposed a new
exponential-type operator'?

fﬁ’ﬂ(zaKA ;)

%

=Q(a, + zaKAI{ ‘|’i z agAkA4}
I3 2 £1

%K%MGKLMA fatal, + ),

’ 4
as being suitable for such correlations. We add here a sym-
metry projector Q in order to permit symmetry adapted op-
erators A & to run all the symmetries. In comparison with
the ordinary exponential operator, the operator & 2° % has
free variables even for the product operator terms. This
makes the & £° 7 expansion free from the breakdown of the
cluster expansion in a quasidegenerate situation,’ though
the number of the variables is much larger in the € 22
expansion than in the exp expansion. We have defined the
wave function

vl — g 25 acA k)i, (5)
K

which is called exponentially generated configuration inter-
action (EGCI) wave function. It describes both separable
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and nonseparable correlations.

In a previous paper,* we have used the idea of reaction
operator for constructing the wave functions of excited, ion-
ized, and electron attached states, ¥, from a given correlated
wave function of say, a ground state ¥, as

v, =AY, (6)

The reaction operator Z describes the excitation itself and
the reorganizations in electron correlations induced by this
excitation. The basic idea of this method is that the electron
correlations in the excited states would be more easily calcu-
lated by modifying the ground state correlations rather than
calculating them from the beginning without referring to the
ground state ones. This idea has also been used in the Green
function method®?> and the equation of motion method.”
We call the operator Z as excitator in order to distinguish it
from more elementary excitation operators such as S} and
AL,

The SAC-CI wave function is written in the excitator
formalism as

\I,SAC-CI — @SAC#CI\VSAC’ (7)
@SAC-CI=;dKR TK’ (8)

where R } is a symmetry-adapted excitation, ionization, or
electron attachment operator. In the original formulation of
the SAC-CI theory,’ the excitator method was naturally in-
troduced as a result of the variational principle applied to the
SAC wave function. The nonvariational formulation was
given later.?* Previously, we have defined EX-(excited-)
EGCI method by*

\I’EX-EGCI — @EX-EGCI\PBGCI, (9)

PPEXEGCL ZAKBI(, (10)
K

where 4 is not a coefficient like dx in Eq. (8), but an opera-

tor which makes free the products as

éxao = blb
4xap = by,
1

bxary = —bxru,

3

etc. We have given in some detail the method, the algorithm
of calculations, and the results of test calculations.*

In bond dissociation processes, we sometimes observe
that near equilibrium geometry all the correlations are essen-
tially separable, but as the bond is elongated, some of the
correlations are transformed into nonseparable ones, though
the rest remains separable throughout the reaction. For ex-
ample, the correlations associated with the breaking bond
sometimes transform like this, though the correlations asso-
ciated to the other parts remain essentially separable. When
we describe the former by the & 2° 7 operator and the latter
by exp, we obtain,

(11)

‘I’MEG4 — CXP(X CIS;)XZ’.@(Z aKA TK)I())’ (12)
K

which are the fourth of the five mixed-exponentially genera-
ted (MEG) wave functions previously proposed.? It is
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therefore called MEG4 method. 1t is identical with the mul-
tireference (MR ) SAC method proposed earlier.! The basic
idea is an optimal use of the & £°Z and exp operators for
nonseparable and separable correlations, respectively.

The MEG4 method is applicable not only to the ground
state, but also to excited states. It has been applied success-
fully to the totally symmetric ground and excited states of
F,, LiF, CO, and H, O at different nuclear separations.>?*
We have demonstrated complex behaviors of electron corre-
lations in the lower four 'Z states of the CO molecule during
the bond elongation process.>** However, its application to
different symmetries was somewhat difficult.

In this paper, we propose a method of calculating excit-
ed, ionized, and electron attached states, applying the excita-
tor method to the MEG4 wave function for a ground state.
Since the MEG4 method is a multireference-type generaliza-
tion of the SAC method, the resultant method called EX-
(excited-)MEG4 method is a generalization of the SAC-CI
method. It includes the SAC-CI method as a special case.
Since the MEG4 method is applicable to both separable and
nonseparable correlations, the MEG4/EX-MEG4 method
is expected to be useful for calculating potential energy
curves of ground, excited, ionized, and anion states of a
reacting molecule. We give here, in some detail, the formula-
tion of the method and the algorithm of calculations. Test
applications are given for hydrogen fluoride (HF) at equi-
librium and elongated internuclear distances. The results are
compared with those of the full CI calculations carried out
separately for all of the ground, excited, ionized, and anion
states. Concluding remarks are given in the last section.

Il. MEG4/EX-MEG4 METHOD

In the MEG4 wave function given by Eq. (12), the
& % 7 part represents the nonseparable correlation. The
exp part then represents cluster expansion around this non-
separable reference configurations. The & #°% part may
then be called multireference (MR ) part. When we write the
MR part of Eq. (12) as ®,, i.e.,

0, = 8 2P(3 axdL)0) = T eGKIO),  (13)
the MEG4 method is written as

WMECM = exp(; C,s ‘,r)¢o

— exp(3 C:51)( S 256k ) 0.

In the solution of the MEG4 method, two choices of the
algorithms are possible.> One is to take the two sets of the
excitation operators {S|} and {G %} to be exclusive, and
calculate the coefficients {C;} and {g,}, iteratively. The
other is to calculate the MR part beforehand by a small
EGCI calculation, and then consider the cluster expansion
around that function. The operators {S|} and {G 1} need
not be exclusive. In the previous paper,® we have taken the
first choice and given the algorithm and the calculated re-
sults. Here we adopt the second choice, so that the operators
ST and G} need not be exclusive.

The present method of solution is as follows. The MR

(14)
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part defined by Eq. (13) is generated by the EGCI algo-
rithm* and calculated by

<0iGK(H—Eo)I‘Do>=0- (15)
The exp part is solved by the nonvariational method by re-

quiring the Schrédinger equation in the space of |®,) and
5119,

(o |H — E |WMES*y — 0,
(DS, (H — E)|WMES*) = 0, (16)

where E is the energy of the system. We note that the gener-
alized Brillouin theorem similar to that in the SAC method’
is obtained by applying the variational principle.

(wMECMl(H_ E)STK|\I,MEG4) =0. (17)

We produce the excited, ionized, and electron attached
states from the MEG4 wave function for the ground state by
the excitator method as
\I,EX-MBGd —_ ‘@‘PME(M

i exp(; c,sy)mw(z apd ;)|o>, (18)
K

where the excitator Z describes excitations, ionizations, and
electron attachments and EX-MEG4 stands for excited-
(EX-)MEGH4. As in the SAC-CI method, the exp part de-
scribes transferable correlations between ground and excited
states, and we apply the operator # only to the MR part

WEXMEGS _ exp(z c,s;)g? 5’2’9’(2 apA ;)|o>. (19)
. K

Thus the EGCI part of the EX-MEG4 wave function takes
the form of the EX-EGCI wave function given by Egs. (9)
and (10). As in the EX-EGCI method [Eq. (10)],* the
operator Z is expanded by the excitation, ionization, or elec-
tron attachment operators {B } } as

R =7 éxB}, (20)

K

where {4} are not simple coefficients but the free-coeffi-

cient operators defined by Eq. (11). Thus the EX-MEG4
wave function is written as

\PEX-MEG4 - exp(z C[S '}’) Q

1
K K,L

+L S buuBiAldl + ---)|0>

3 kTm

= exp(z C,S})(ZK" eKE})|O).

In Eq. (21), the part, 2 ex E }|0), represents the principal
correlations in the excited state and the operators {E } } are
constructed by the EX-EGCI algorithm reported previous-
ly.* The exp part represents the transferable correlations
and so the operators {S} and the coefficients {C,} are
transferred from the MEG4 wave function of the ground
state. The unknown coefficients {e,} are determined with
the equation

(21)

(P | Ex (H — E)|WEXMEGS) _ (22)

Note that in Eq. (22) the coefficients {ey } are determined
totally for the EX-MEG4 wave function and not only for the
EX-EGCI part. The diagonalization is therefore due to the
nonsymmetric method.?®

We note a similarity of Eq. (22) to Eq. (16) of the
MEG4 method. In particular, the bra is not (0|, but (®,|.
However, this similarity does not mean here a strict holdness
of the orthogonality and H orthogonality between the
ground and excited states,>* because the EX-EGCI part of
the EX-MEG4 wave function largely differs from the EGCI
part of the MEG4 wave function. For the lowest singlet 4,
state, the MR part of the MEG4 wave function is reopti-

mized in the EX-MEG4 calculation, so that the EX-MEG4
solution for this state may become better than the MEG4
solution. From Eq. (22) we see that different EX-MEG4
solutions satisfy

<\I/EX-MEG4I\l,bEX-MEG4) — 5ab’

<\PEX-MEG4|H |WbEX-MEG4> — Ea 5ab! (23)

within the space {E}|®,)}. Thus when we use the EX-
MEG¢4 solution even for the lowest singlet 4, state, we have
the correct relations [Eq. (23)] for all the states under con-
sideration. This is important for studying phenomena in-
volving different states.

llil. COMPUTATIONAL ALGORITHM OF THE MEG4/EX-
MEG4 METHOD

The present algorithm of the MEG4 method is different
from the previous one® in that the {S {} and {4 } } operators
in Eq. (12) are not necessarily exclusive.

The MR part @, given by Eq. (13) is calculated by the
EGCI method.* The threshold A & for the MR part can not
be chosen as good as that in the standard EGCI method,
since by this threshold, the size of the multireference config-
urations is determined. However, the threshold for the high-
er order terms, 4 £, should be chosen to be much smaller

than \/A%,* or practically should be equal to 4 £, since the
higher-order terms are very important here. The same is true
for the thresholds, 44,, and 4 4,,,; namely we should in-
clude as higher terms as possible in the expansion of the
& & P operator in P,

The operators {S |} are totally symmetric and chosen to
be single and double excitation operators. Since calculations
of the unlinked terms are time consuming, they are calculat-
ed only for those S| operators whose coefficients in the
ground state SDCI are larger than a given threshold C; and
for those G }; operators [Eq. (13)] whose coefficients g, are
larger than g, . This algorithm is similar to that of SAC-CI in
SAC85.%?" The coefficients {C,} are obtained by iteratively
solving Eq. (16).

We next explain the algorithm of the EX-MEGH4 calcu-
lations for excited, ionized, and anion states. The {S |} oper-
ators and their coefficients {C,} are transferred from the
MEG#4 wave function for the ground state. The EX-EGCI
part of the EX-MEG4 wave function given by Eq. (21) is
constructed by the following EX-EGCI algorithm.* In com-
parison with the EGCI part in MEG4, that in EX-MEG4
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should be selected more precisely; namely the threshold 4 ¢
in EX-MEG4, with e standing for excited states, should be
smaller than A § in MEG4 for both {4 } } and {B } } opera-
tors. The threshold 4 ¢, for the product operators is about

\/E , and the same for the higher thresholds, 4 ¢ , ,, etc. The
reason of the relation, 4 § <A 4 is found from a comparison
with the SAC/SAC-CI algorithm. In SAC, the operator
&L P (ZgaxAk) is just a unit operator, but in SAC-CI,
the EX-EGCI part is usually a sum of single and double
excitations, one excitation level higher than real excitations®
since we mostly study single-electron excitation or ioniza-
tion processes. In EX-MEG4, we calculate not only single
but also multiple excitation processes, so that we include in
this term single, double, and higher excitation operators; in
the present program®® we can include up to eight-electron
excitations. The unlinked terms are calculated only for those
S} operators whose MEG4 coefficients are larger than C;
and for those E }; operators [Eq. (21)] whose coefficients in
their CI are larger than e;. The coefficients {e, } are ob-
tained by solving the secular equation for a nonsymmetric
matrix, Eq. (22). An iterative diagonalization procedure*
for nonsymmetric matrices has already been prepared.

When only a single configuration is considered in the
MR part, the MEG4/EX-MEG4 method reduces to the
SAC/SAC-CI method. However, the present program?®® is
more general than SAC85,? since we can expand the % opera-
tor of Eq. (20) with single to octaple excitation operators.
We have shown® that such extension of the SAC-CI method
is very useful for investigating multielectron processes such
as those involved in the satellite peaks of ionization spectra.
We call the SAC-CI methods whose R ' operators are singles
and doubles, or include also higher excitations as SAC-CI
with SD-R or general-R, respectively.’

IV. APPLICATIONS

We choose hydrogen fluoride as a test molecule of the
MEG4/EX-MEG4 method. We calculate its ground state,
singlet and triplet excited states, and doublet ionized and
anion states, summing up to 21 states, at three different geo-
metries R = 0.916 808 (Req), 2.0 (2.1815 Req), and 3.0 A
(3.2722 Req). Full CI calculations are also carried out, for
comparison, for all of these states. We also examine the reli-
ability of the SAC-CI method with general-R for multielec-
tron processes. The basis set is [352p/2s] CGTOs of Huzin-
aga and Dunning-Hay?® plus one GTO with @ = 0.036 for
3s Rydberg orbital.”> We have included all of the MOs into
active orbitals (five occupied and seven unoccupied MOs).
The results are shown in Tables I, II, and III for three differ-
ent geometries, R = 0.916 808 (R, ),2.0,and 3.0 A, respec-
tively.

Benchmark full-CI calculations for hydrogen fluoride
are reported in the literature®®*! using Huzinaga-Dunning
[4s2p] set®® plus polarization functions for three different
geometries, R = Re (0.9165 A), 1.5 Re (1.3748 A), and 2.0
Re (1.8331 A). The results were utilized previously for ex-
amining the accuracy of the SAC* and other coupled clus-
ter methods.**>¢ However, these calculations were only for
the ground state and the examined range of the internuclear
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distance was narrow. Therefore we have done independent
full-CI calculations adding one Rydberg orbital instead of
the polarization functions, and the solutions were obtained
not only for the ground state, but also for several singlet and
triplet excited states, ionized states, and electron attached
states at three different geometries, R = Re, 2.1815 Re, and
3.2722 Re. These results are compared with the present re-
sults of the MEG4/EX-MEG4 calculations.

The Hartree-Fock orbitals are used as reference orbitals
for all the calculations. Standard MO ordering is defined as
( 15)2(25)2(0'1 )2(17'1 )4(0'2 )(03)(04) (7, )(os5)(0¢). The
canonical MO ordering is a bit different; at R = R, the
second and third unoccupied MOs are interchanged and at
R=20and3.0A4, the occupied o, and 77; MOs are invert-
ed. The main configurations are shown for each state by
means of the occupation numbers of these MOs. The weight
of the Hartree-Fock configuration in the ground state full
ClIis0.96,0.74, and 0.42 for R = R, 2.0and 3.0 A, respec-
tively, and so the quasidegenerate situation is realized at
R=3.0A. The HF energy is — 100.017 34, — 99.784 98,
and — 99.671 00 a.u., respectively.

We carry out three different calculations; namely, in
MEG#4, the 4 }; operators in Eq. (13) is selected from single
and double excitation operators by the three different
thresholds, 0.15, 0.32, and 0.7 for the coefficients in the
ground state SDCI. At R = 2.0 and 3.0 A, the threshold 0.15
gives three references, |0}, |0, -0, ),and |0, »0,,0, —»0,),
the threshold 0.32 gives two references, |0) and
|oy —»0,,0, —>0,), and the threshold 0.7 gives the single ref-
erence, [0). AtR = R, all the thresholds lead to the single
reference |0). The single reference MEG#4 is identical with
SAC. The S operators in Eq. (14) include all single and
double excitations. In the unlinked terms we have included
only such S | operators whose coefficients in the ground state
SDCI are larger than 0.01. :

In the EX-MEG4 calculations, the S| operators and
their coefficients {C,} in Eq. (21) are transferred from the
ground state MEG4 result. In the unlinked term, we include
only such S | operators whose coefficients C; are larger than
0.001. The 4  and B} operators in Eq. (21) represent all
single and double excitations. The product operators
o{BLAl, BLalAal,, BLAlA41,4%} are constructed
from those 4 } and B }; operators whose SDCI coefficients
for the states under consideration are larger than the thresh-
olds (A4,454,A %A 4442 4444) Which are actually (0.0,
0.01, 0.03,0.07, 0.1) for all the states, where the superscripts
s and d stand for single and double excitations, respectively.
The single excitation operators are found to be very impor-
tant in the product operators, so that the threshold for them,
A%.4 is made as small as 0.01. For calculations of anion
states, we use different thresholds (0.0, 0.01,0.01,0.07, 1.0),
since multiple excitation terms are thought to be more im-
portant.

Tables I-11I show the results for R = R,,,2.0and 3.0 A,
respectively. The energies calculated by the MEG4/EX-
MEG4 and SAC/SAC-CI methods are compared with the
full-CI energies, and the differences denoted by A are given
in millihartree, a unit which is convenient for chemical accu-
racy (1 mhartree = 0.63 kcal/mol). The SAC/SAC-CI re-
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sults are given for R =2.0 A. At R =R,,, MEG4/EX-
MEG4 coincides with SAC/SAC-CI in the present
calculational scheme, and at R = 3.0 A, we could not get a
convergence in the SAC solution, a typical behavior of the
SAC method in a quasidegenerate situation.

We first discuss the results for R = 2.0 A summarized in
Table I, because at this distance we have both MEG4/EX-
MEG4 and SAC/SAC-CI solutions for comparison. The
first row shows the MEG4 and SAC energies for the ground
state. The three-reference MEG4 result is almost equal to
the two-reference one, and they are higher by about 6 mhar-
tree than the full-CI result. The single-reference SAC result
is about 1.2 mhartree higher than the two- and three-refer-
ence MEG4 results. The sizes of the matrices involved in the
calculations are 44 388 for full CI, but only 235 for MEG4
and SAC, which is the dimension of all singles and doubles.

The rest of the results for the singlet, triplet, ion, and
anion states are all due to the EX-MEG4 and SAC-CI meth-
ods. In particular, the second row shows the EX-MEG4 and
SAC-ClI results for the ground state. They are better than the
MEG4 and SAC results since the general-R operators are

Hiroshi Nakatsuji: Mixed-exponentially generated wave function

used instead of tl.. SD-R operators, and since they satisfy
some necessary conditions [Eq. (23)] with the excited
states. Though the sizes of full CI are from 42 336 to 87 408,
those of EX-MEG4 and SAC-CI methods are much smaller,
from 571 to 1240.

It is convenient to classify the excited, ionized, and an-
ion states by means of “excitation level,” which is the num-
ber of elementary excitations necessary for producing the
main configuration from the Hartree-Fock configuration.
For ionized states, Koopmans-type ionizations correspond
to the excitation level one, and excitation-ionization pro-
cesses appearing in satellite peaks correspond to the levels
higher than two. Electron attached states are also similarly
classified.

We seein Table II that the differences in energy between
the full-CI results and the EX-MEG4 and SAC-CI (general
R) results are small (few millihartree) and relatively con-
stant, though the sizes of the calculations of the latter two
methods are 2 orders of magnitude smaller than those of full
CI. The average values and the standard deviations for the A
values are given in parentheses. For singlet states, they are

TABLE 1. Full-Cl and MEG4/EX-MEG4 (SAC/SAC-CI) results in hartree for hydrogen fluoride at R = 0.916 808 A (equilibrium distance).*

MEG4/EX-MEG4 = SAC/SAC-CI*
Full C1 General R SDR
Main configuration® E:
State (€>0.30) level Size Energy Size Energy AX10 Size Energy AX10°
Singlet
'z 1 0.98(22222) 0 44388 — 100.142 41 245 — 100.140 88 1.53 245 ~— 100.140 88 1.53
— 100.142 41 775 — 100.140 51 1.90 245 - 100.136 75 5.66
2 0.89(221221) + 0.37(2212201) 1 44388  — 99.601 82 s —99.600 10 172 245 — 99.607 51 - 5.69
3 0.88(2212201) — 0.38(221221) 1 44388 —99.45718 775 —99.454 39 2.79 245 —99.459 78 —2.60
n 1 0.82(222121) + 0.51(2221201) 1 42336 —99.76094 768 —99.75996 098 144 —99.766 53 —5.59
2 0.81(2221201) — 0.51(222121) 1 42336 —99.635 14 768 —99.63404 1.10 144 —99.639 62 —4.48
3 0.94(22212001) 1 42336 —99.13990 768 —99.138 05 1.85 144 —99.140 21 -031
(1.72 4 0.65)°
Triplet
3 1 0.71(221221) + 0.65(2212201) 1 71020 -99.65176 993 —99.64974 2.02 27 —99.651 42 0.34
2 0.69(2212201) — 0.66(221221) 1 71020 -—-99.51470 993 —99.51229 241 27 —99.515 38 —0.68
’n 1 0.78(222121) — 0.56(2221201) 1 70880  —99.779 82 960 —99.778 38 1.44 213 —99.782 68 —~2.86
2 0.77(2221201) + 0.56(222121) 1 708 80 — 99.643 50 960 —99.641 83 1.67 213 —99.647 31 —3.81
3 0.93(22212001) 1 708 80 —99.154 36 960 —99.15217 2.19 213 —99.154 89 —0.53
(1.95 4 0.39)¢
Ion
3 1 0.97(22122) 1 48560 —99.42309 1162 —99.422 52 0.57 70 —99.432 05 — 8.96
2 0.51(2222001) — 0.51(2220201) 2 48560 —98.89722 1162 — 98.895 67 1.55 e .
+ 0.36(222201) — 0.36(222021)
3 0.48(2220201) + 0.48(2222001) 2 48560 —98.85528 1162 —98.84837 691
+ 0.34(222021) + 0.34(222201)
m 1 0.96(22212) 1 47140 - 99.567 32 1043 —99.566 73 0.59 44 —99.579 02 - 11.70
2 0.61(2211201) + 0.42(221121) 2 47140 —98.84753 1043 — 98.845 04 249 4 — 98.649 84 197.69
—0.37(2211201) — 0.34(221121)
3 0.53(221121) + 0.52(2211201) 2 47140 —98.77774 1043 —98.776 23 1.51
+0.43(2211201) (2.27 4+ 2.38)¢
Anion
3 1 0.98(222221) 1 87408 — 100.067 55 984 — 100.062 15 5.40 105 — 100.064 95 2.60
2 0.98(2222201) 1 87408  —99.924 58 984 —99.919 06 5.52 105 —99.920 78 3.80
m 1 0.86(222122) — 0.42(2221211) 2 84852 —99.740 15 1un —99.734 54 5.61 60 —99.652 05 88.10
2 0.96(2221211) 2 84852  — 99.653 06 1171 — 99.646 50 6.56 60 — 99.565 66 87.40
(5.77 £ 0.53)°

* The MEG4/EX-MEG4 method coincides with the SAC/SAC-CI method at this distance in the present choice of the thresholds (see the text).

*The MO ordering is 1s, 25, 0,, m,, 7,, 03, 03, 04, T3, Ty, O, 0.
©The first row is the MEG4 (SAC) results and all the others are the EX-MEG4 (SAC-CI) results.
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TABLE III. Full-CI and MEG4/EX-MEG#4 results in hartree for hydrogen fluoride at R = 3.0 A(3.272 22 Re).

MEG4/EX-MEG4®

Full-CI Three reference Two reference
Main configuration® E
State (C>0.30) level Size Energy Size Energy AX10° Size Energy AX10°
Singlet
'z 1 0.68(22222) — 0.60(220222) 0 44388 —99.97269 230 —99.96495 1.74 230 —99.961 32 11.37
+0.37(221221) —99.97269 933 —99.97150 1.19 871 — 99.970 06 2.63
2 0.65(221221) — 0.64(22222) 1 44388 —99.71612 933 —99.71292 320 871 —99.712 55 3.57
—0.33(220222)
3 0.85(2212201) — 0.48(2202211) 1 44388 —99.52601 933 —99.52093  5.08 871 —99.52243 3.58
n 1 0.83(222121) + 0.52(221122) 1 42336 —99.97153 661 —99.96868 2.85 626 — 99.969 86 1.67
2 0.85(2221201) + 0.46(2211211) 1 42336 —99.53675 661 —99.53118 5.57 626 —99.540 70 —3.95
3 0.67(2211211) + 0.59(2201221) 2 42336 —99.49949 661 —99.49623 3.26 626 —99.494 63 4.86
(3.53 + 1.59)° (2.06 + 3.13)¢
Triplet
3 1 0.98(221221) 1 71020 —99.97153 880 —99.96933 2.20 838 — 99.969 22 231
2 0.85(2212201) — 0.48(2202211) 1 71020 —99.53394 880 —99.53074 3.20 838 —99.53271 1.23
’n 1 0.83(222121) — 0.52(221122) 1 70880 —99.97172 923 —99.96921 251 891 — 99.970 00 1.72
2 0.70(2221201) + 0.43(2221201) 1 70880 —99.55076 923 —99.54602 4.74 891 —99.551 14 -0.38
+0.38(221122)
3 0.60(2211211) — 0.47(2221201) 2 70880 —99.53766 923 —99.53260 5.06 891 —99.536 17 1.49
+0.38(221122) (3.54 + 1.30)° (1.27 £ 1.01)¢
ITon
T 1 0.84(22122) — 0.51(220221) 1 48560 —99.46972 881 —99.46688 2.84 850 — 99.468 54 1.18
2 0.56(222021) — 0.56(222201) 2 48560 —99.24989 881 —99.24866 1.23 850 —99.248 69 1.20
+0.36(221022) — 0.36(221202)
3 0.67(220221) + 0.40(22122) 2 48560 —99.24952 881 —99.24827 125 850 —99.24795 1.57
—0.32(222021) — 0.32(222201)
m 1 0.75(22212) + 0.59(221121) 1 47140 —99.47622 859 —99.47306 3.16 830 —99.476 73 —0.51
2 0.56(220122) — 0.48(221121) 3 47140 —99.35459 859 —99.35194  2.65 830 — 99.350 06 4.53
— 0.45(22212) + 0.40(221121)
3 0.82(221121) + 0.32(220122) 2 47140 —99.24963 859 —99.24767 1.96 830 —99.246 75 2.88
(2.18 £ 0.83)° (1.81 1 1.72)¢
Anion .
3 1 0.88(222221) — 0.40(221222) 1 87408 — 10004150 1319 —100.03546 6.04 1301 — 100.035 58 5.92
2 0.80(221222) + 0.37(222221) 2 87408 —99.94725 1319 —99.94294 431 1301 —99.941 84 5.41
m 1 0.87(222122) + 0.38(2221211) 2 84852 —99.94441 1289 —99.93972 4.69 1262 —99.939 84 4.57
2 0.82(2221211) — 0.51(2211221) 2 84852 —99.87735 1289 —99.87236 4.9 1262 —99.874 89 2.46

(5.01 £ 0.74)¢ (4.59 + 1.53)¢

* The MO ordering is 15, 25, 0,, m,, m,, 0,, 03, O, Ty, T, O3, 0.
®The first row is the MEG4 results and all the others are the EX-MEG#4 results.

© (x + y) where x means the average discrepancy from the full-Cl value and y means the standard deviation, both in millihartree.

calculated for the EX-MEG4 results. We see that the errors
are roughly constant among the singlet, triplet, and ionized
states, independent of the excitation levels. The errors for the
anion states are relatively large. A reason is that we did not
include anion basis so that the present anion results are less
physical than the other results. The smallness of the stan-
dard deviation is remarkable, which shows the constancy in
errors. This constancy in errors is important for studying
electronic processes involving different electronic states. We
will show later the accuracy of the MEG4/EX-MEG4 meth-
od for excitation, ionization and electron attachment ener-
gies.

Table II also shows the results of the SAC-CI method
with SD-R. As examined before,>'®*" they compare well
with the full-CI results for one-electron excitation processes.
However, for higher excitation processes, the SD-R SAC-CI
results largely differ from the full-CI ones, though this is not
the case for the other methods shown in Table II. In com-
parison with the general-R SAC-CI results, it is clear that

the main reason lies in the size and the nature of the R'
operators. When they are restricted to singles and doubles,
the errors in describing two-electron processes become large,
though the errors for the single-electron processes are rea-
sonably small. This result suggests a guideline in construct-
ing the {R %} operators in SAC-CI and EX-MEG4. That is,
the {R } } operators should be chosen from the space of the
operators whose maximum excitation level is higher by uni-
ty, at least, than the physical process under consideration.’
For example, for studying singly excited states and Koop-
mans-type ionizations, singles and doubles are enough for
{R %}, but for doubly excited states and shake-up ioniza-
tions and electron attachments, the {R } } operators should
be chosen at least from the space of singles, doubles, and
triples. This is automatically done in the present EX-EGWF
program.?®

The differences among the three-reference, two-refer-
ence, and single-reference EX-MEG4 results (the last ones
are actually the SAC-CI general-R results) are small. Prob-
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ably,at R =2.0 A, the single and double o — o* excitations
represent mainly the dynamic correlations which are most
compactly expressed by the exp operator. The differences
from the full-CI energies are all positive, except for the SD-R
SAC-CI results for the 2 'IT and 2 *I1 states, which slightly
overshoot the full-CI energies.

Table I11 shows the results for R = 3.0 A. In the ground
state, the weights of the Hartree-Fock and doubly excited
o — o* configurations are 0.46 and 0.36, respectively, as seen
from the full-CI main configurations. Thus the quasidegen-
erate situation is realized at this geometry. We have per-
formed three-, two-, and single-reference MEG4 calcula-
tions, but the last one, which is the SAC calculation, did not
converge. So, we can not give the SAC/SAC-CI results in
this table. The first row shows the MEG4 results. The error
is large and this shows the importance of higher excitations
in the linked term. These MEG4 wave functions include
only up to double excitations in the linked term. The EX-
MEG#4 solutions for the ground state is, however, much su-
perior to the MEGH4 results, since they include higher excita-
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tions in the linked term. We recommend to use this solution
for the ground state since it satisfies Eq. (23) with the excit-
ed states. The three-reference results are improved by 3.6
mbhartree over the two-reference MEG4 results.

The differences of the EX-MEG4 energies from the full-
CI ones are again rather constant among the various differ-
ent states. This constancy holds better for the three-refer-
ence case than does for the two-reference case, though the
average error is larger for the former. This trend is seen from
the average discrepancy and the standard deviation shown in
the parentheses. (The standard deviation for the triplet
states is an exception.) We note that the ionic 2 211 state is
the result of the three-electron process relative to the Har-
tree-Fock configuration. In the two-reference calculations,
the A values are negative for the 2 'I1, 2 3, and ionic 1 I1
states. However, no such state exists in the three-reference
case. Other trends in Table III are similar to those in Table
IL

We next discuss the results shown in Table I, which is
for R = R,, (0.916808 A). In the present choice of the

TABLE1V. Excitation energies, ionization potentials, and electron affinites in eV calculated by the full-CI and
MEG4/EX-MEG4 (SAC/SAC-CI with general R) methods for hydrogen fluoride at R = 0.916 808 A (equi-

librium distance).*

Full-CI MEG4/EX-MEG4®
Excitation Excitation Excitation
State Main configuration® level Size energy Size energy A°
Singlet
T+ 1 Hartree-Fock 0 44 388 0.0 mn 0.0 0.000
2 0, =35 1 44388 14710 377 14.705 — 0.005
3 o, ~o} 1 44 388 18.646 377 18.670 0.024
m 1 pr—3s 1 42 336 10380 272 10.355 —0.025
2 pr—o? 1 42 336 13.804 272 13.782 -0.022
3 PO, 1 42336 27.280 272 27.278 —0.002
( —0.006)*
Triplet
1 0, =35 1 71020 13.351 436 13.355 0.004
2 o, —o? 1 71020 17.081 436 17.095 0.014
’n 1 pr—3s 1 70 880 9.867 421 9.854 -0.013
2 pr—o? 1 70 880 13.576 421 13.570 — 0.006
3 pr—0, 1 70 880 26.886 421 26.894 0.008
( —0.001)*
Ton
3+ 1 o~ o 1 48 560 19.574 607 19.537(20.0)¢ - 0.037
2 P, pT—07, 2 48 560 33.884 607 33.874 -0.010
3 pm, pr—0Y, © 2 48 560 35025 607 35.161 0.136
m 1 pr—o 1 47 140 15.649 596 15.613(16.05)°  — 0.036
2 0,,p7r—0t, ® 2 47140 35.236 596 35.251 0.015
3 0y, pr—3s, © 2 47 140 37.135 596 37.124 —-o0.011
(—0.009)¢
Anion
DA | w0 —3s 1 87408 —2.037 703 —-2132 —0.095
2 o —0* 1 87408 —5928 703 - 6.026 —0.098
m o1 P, 0 —3s,3s 2 84 852 —10946 710 —11.047 —0.101
2 pm, 0 —3s,0° 2 84 852 —13316 710 —13.443 -0.127
( —0.105)¢

* Hartree—Fock MO ordering at equilibrium geometry is (15)*(25)*(0, )*(7)*(35) (0?)(2, ) (p7*) (03 ) (0, ).
*The MEG4/EX-MEG4 method coincides with the SAC/SAC-CI method with R 1 general at this distance in the present choice of the thresholds

(see the text).
¢ Difference from the full-CI value.
¢ Average discrepancy.
¢ Values in parentheses are experimental values.
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thresholds, MEG4 becomes identical with SAC and EX-
MEG4 with SAC-CI with general R. Table I also shows the
SD-R SAC-CI results. As in Table II, they compare well
with full-CI for one-electron processes, but unsatisfactorily
for two-electron ionization and electron attachment pro-
cesses. However, when we use general-R operators, the accu-
racy of the results is much improved and becomes rather
constant, independent of the excitation levels, as the small-
ness of the standard deviation clearly shows. This result im-
plies that the automatic generation of higher operators by
the EGCI algorithm is successful.

Another interesting point in Table I is that many SD-R
SAC-CI energies overshoot the exact energies. Note further
that such cases are seen only for the states whose excitation
levels are single relative to the ground state. The same was
the case in Tables II and III. Though the origin of the over-
shooting lies in the nonvariational solution, it is interesting
to clarify why it occurs only for the single electron processes.

From the results of Table I, we can calculate (vertical)
transition energies for hydrogen fluoride. Table IV shows
the excitation energy, ionization potential, and electron af-
finity calculated in eV. Here, the MEG4/EX-MEG4 meth-
od is the same as the SAC/SAC-CI method with general-R.
The average deviation in excitation energy from the full-CI
results is only — 0.004 eV. This shows the usefulness of the
MEG4/EX-MEG4 method for calculating transition ener-
gies of various states including singlet, triplet, ionized, and
anion states with different excitation levels. Though mean-
ingful comparisons with experiments are difficult because of
the insufficiency in the basis set, we refer to the experimental
ionization potentials from the p7 and o, orbitals to be 16.05
and 20.0 eV,*® respectively, in comparison with the present
results of 15.61 and 19.54 eV, respectively.

Finally, we compare the results of Tables I-III for
R=R.,20and 3.0 A. We see that the average error devi-
ates from 1.27-3.54 mhartree for singlet, triplet, and ionized
states. For anion states, it deviates within 4.15-5.77 mhar-
tree. We therefore conclude that the accuracy of the ME-
G4/EX-MEG4 method is rather constant, independent of
the internuclear distance. This method would be useful for
calculating potential energy surfaces of the ground, excited,
ionized and anion states in chemical accuracy.

V. CONCLUDING REMARKS

In this paper, we have proposed the EX-MEG4 method,
which is derived by applying the excitator method to the
MEG#4 wave function. The MEG4/EX-MEG4 method de-
scribes ground, excited, ionized, and electron attached
states, and is a standard generalization of the SAC/SAC-CI
method to multireference cases. We have described the com-
putational algorithms currently used in our program. Test
calculations are performed for the several lower states of
each of the singlet, triplet, ionized, and anion states of hydro-
gen fluoride at R = Re, 2.18 Re, and 3.27 Re, and the results
are compared with full CI. We have observed that the differ-
ences from the full-CI energies are small and rather constant
among the various states with different multiplicities, differ-
ent numbers of electrons, different excitation levels, and dif-
ferent internuclear distances. We emphasize that the dimen-

Hiroshi Nakatsuji: Mixed-exponentially generated wave function

sions of the present calculations are small. Though many
applications are necessary before deducing final conclu-
sions, the present method may be useful for studying reac-
tions and dynamics involving various states among the
ground, excited, ionized, and anion states.

We have also observed that the SAC/SAC-CI method
with general R' operators is reliable and useful, when the
Hartree-Fock configuration is dominant in one of the singlet
states (usually the ground state). By extending the R T oper-
ators to be general, rather than restricting them to singles
and doubles, the reliability of the SAC-CI method is much
improved for multielectron processes.
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