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CLUSTER EXPANSION OF THE WAVEFUNCTION.
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Valence and Rydberg excitations, ionizations, and inner-valence ionizations of CO, and N,O, which are isoelectronic, are
studied by the SAC and SAC CI theories. We have given a systematic assignment of the electronic spectra of these molecules,
though there were some controversial situations in the assignment of the spectra. The broad and overlapping features of the
spectra of the inner-valence ionizations are due to the existence of a large number of ionization—excitation states mixing with
the singly ionized states. The theoretical origins of the similarities and differences in the photoelectron spectra of CO, and N,O

are clarified.

1. Introduction

Studies of electron correlations of molecules in
open-shell and excited states are current topics in
theoretical quantum chemistry. Several approaches
are being developed, multi-reference (MR) CI [1],
MC SCF [2], and cluster expansion [3]. In this
series of papers, we are developing cluster expan-
sion theories, called SAC (symmetry-adapted-clus-
ter) theory [4,5] and SAC CI theory [6,7], for the
studies of electron correlations in ground and vari-
ous excited states of molecules. The excited states
so far studied are singlet and triplet excited states,
ionized states, and electron attached states, which
are all essentially one-electron excited states [8],
and the shake-up states involved in the inner-va-
lence ionization [9], which are essentially two-elec-
tron excited states. The theories have also given a
basis for deriving an orbital theory, called
pseudo-orbital theory [4], for studies of spin corre-
lations in open-shell radicals [10]. Recently, spin
correlations, electron correlations and their cou-
plings in doublet radicals have been studied by the
SAC and SAC CI theories [11].

Here, we study the ground and several vertical
excited states of CO, and N, 0, isoelectronic mole-

cules. We are interested in the electronic excita-
tions (valence and Rydberg), valence ionizations,
and inner-valence ionizations. For CO,, there are
some controversial situations in the assignments of
the excitation spectra [12-20]. England and Ermler
gave a good review for this situation [12-15].
Earlier CI calculations with modest expansions
[16] seemed to explain well the experimental spec-
tra observed in those days [19]. However, later
more elaborate CI calculations gave very different
results [12-15], except for the equation-of-motion
calculations by England et al. [20]. The fact that
the valence excited states of CO, should be strongly
bent [21] seems to make an analysis of the spectra
rather complicated [12]. A similar situation may be
expected for the spectra of N,O [22,23]. It is
interesting to study systematically the valence and
Rydberg excitations of CO, and N,O.

The ionization spectra of CO, and N,O are also
of interest. They are observed from valence to
inner-valence regions by photoelectron spectros-
copy [24-26] and by dipole (e—2e) spectroscopy
[27,28]. In the valence region, the lowest ionization
potential of CO, seems to be rather difficult to be
reproduced accurately by the CI method [12]. In
the inner-valence region, the experimental spectra
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of CO, and N,O are very broad and overlapping,
suggesting an existence of many satellite peaks.
Cederbaum et al. [29] and Domcke et al. [28]
studied these spectra theoretically by the 2ph TDA
Green’s function technique [30] and attributed the
origin of these spectra as being due to a complete
breakdown of the Hartree-Fock model in this
region of the spectra. The present SAC CI theory
was applied previously to the inner-valence ioni-
zations of water and the results were satisfactory
[9]. Here, we apply the theory to CO, and N,O.

In section 2, we briefly summarize the theoreti-
cal background of the present study and the calcu-
lational details. In section 3, we give the results for
the ground and excited states of CO, and N,O. We
study valence and Rydberg excitations and give
systematic assignments of the spectra, some of
which are different from the previous ones
[17-19,22,23]. In section 4, we study the ionization
spectra of CO, and N,0. We study both outer-
and inner-valence ionizations and their satellite
peaks. These spectra show some interesting com-
plexity caused by a complete breakdown of the
Hartree-Fock model. They include simultaneous
ionization—excitation (shake-up) processes. A
summary and conclusions of the present study are
given in section 5.

2. Theoretical background and calculational details

Theories of the SAC [4,5] and SAC CI [6,7]
expansions have been given previously in detail.
Here, we give a brief account pertinent to the
present study. We describe the ground states of
CO, and N,O by the SAC expansion,

slfg=exp(§c,s,f)|0>, (1)

where S} is a symmetry-adapted excitation opera-
tor and |0) is a Hartree—Fock reference configura-
tion. This expansion includes self-consistency [31]
and multiple effects of correlations [32]. The varia-
tional principle leads to the formula,

(%|(H - E,)S[1¥,) =0, (2)

which is a generalized Brillouin theorem. Requir-

ing the Schrodinger equation within the space of
the linked configurations |0) and S;'|0), we obtain
the non-variational (NV) solution

(O(H - E,)|¥,) =0, (0S,(H-E,)|¥,)=0.
(3)

The excited states and ionized states, including
both valence and inner-valence ionizations, of CO,
and N, O are studied by the SAC CI theory. Though
these states can also be studied directly by the
SAC theory [5,11], the use of the SAC CI theory is
more efficient and convenient [33]. In the SAC CI
theory, we first define the excited functions {®, }
as

B, = PRLY,, (4)

where @ is a projector ¥ =1—|¥,)(¥,| which
projects out the ground-state component, R is an
excitation or ionization operator depending on
whether we are dealing with excited states or
ionized states, respectively, and ¥, is the SAC
wavefunction defined by eq. (1). Note that for
singlet A, excited states, R% in eq. (4) and S; in
eq. (1) denote in principle the same set of singlet
A, symmetry-adapted excitation operators. We see
then from eq. (2) that the excited functions { @}
satisfy the following relations,

<¢K|‘Pg> =0’ (53)
(Ox|H|¥,) =0. (5b)

Namely, the functions {®,} satisfy the necessary
conditions for the excited-state wavefunctions [34].
The SAC equation (2) determines the ground state
¥, and at the same time a set of the functions { @Dy )
as a basis for the excited states. Therefore, we
describe the excited states ¥, by linear combina-
tions of the excited functions { @y},

‘pe=ZdK®K’ (6)
K

which we call the SAC CI expansion. The SAC CI
wavefunctions ¥, satisfy automatically the ortho-
gonality and the hamiltonian-orthogonality with
the ground state (from egs. (5a) and (5b), respec-
tively), and also the similar relations with different
excited states [7]. We note that when the ground
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state ¥, is a solution of the NV equation (3), the
above argument is not strictly valid. However, so
long as the cluster expansion is accurate enough,
the difference between the variational and non-
variational solutions should be small. The varia-
tional solution of eq. (6) leads to the secular equa-
tion

Z<¢K|H_Ee|d)L>dL=0 (7)
L

and the non-variational solution, as in eq. (3),
leads to

Z<0'RK(H_Ee)|¢L>dL=O' (8)

The non-variational solution includes the di-
agonalization of a large non-symmetric matrix. We
have extended Davidson’s algorithm for a symmet-
ric matrix [35] to the non-symmetric case [36].

The SAC CI expansion is more rapidly conver-
gent than an ordinary CI expansion [6-8] because
it is based on the excited functions {®;} which
satisfy the necessary conditions for excited states,
and because it starts from the ground-state corre-
lation as seen from eq. (4). The spirit of multi-ref-
erence CI [1], i.e. correlation calculations starting
from important multi-reference configurations, is
included in the SAC CI theory through the un-
linked terms (see eq. (12) below).

In actual calculations, some approximations are
inevitable. The calculational scheme is the same as
reported previously [8]. In the present calculation,
we further adopted configuration selection [9,37].
The SAC expansion (1) was terminated up to
second order

v =(1+Zosi iz Cosis oy, ©)
1 1J

though this is done automatically in the NV calcu-
lation. For the linked operator S,/, we have in-
cluded all single-excitation operators

Sf=2" ]/z(aZaaia + aZBaiB) (10)

and selected double-excitation operators, S:S}.
(ij,k,l denote occupied MOs and a,b,c,d unoc-
cupied MOs.) We have included all double excita-
tions whose contributions to the second-order per-

turbation energy with the HF reference |0) are
larger than a given threshold A,

Es=|H()s|2/(Hss_H00)>}‘g’ (11)

where ¢, =SS!0y, Hy, = (O\H|$,). H,, =
{¢|H|$,y, and H,,= (0|H|0). In the unlinked
terms, £C,C,S/S}|0), we have included only such
double-excitation operators which have coeffi-
cients larger than 1X 1072 in an ordinary CI
including only linked terms. The unlinked term
then includes only quadruple excitations S2S/S; S

In the SAC CI calculation, we have truncated
eq. (6) as

¥, = (ZdKR}-'_ ZdKCIRE(SIT) [0) — Zdl(gkg“l’g’
K KI K

(12)

where &, = (¥,|R\¥,). The single- and double-
excitation operators for the singlet and triplet ex-
cited states, ionized states, and electron attached
states are summarized in table 1. As linked opera-
tors we have included these single- and double-
excitation operators. Single-excitation operators
were included without selection. Double-excitation
operators were selected in the following way. Let
¥(?) be a primary configuration

PO =Y PP (p=1,..., N), (13)

which is the sum of single-excitation or -ionization
configurations ¢{#). N is the number of states
under consideration. We denote the doubly excited
configuration to be selected as ¢, and define

AEP =|H{P\?/(HP - H,,), (14)

where H = (9| HI6(7), H(P= (37| H|¢{"),
and H = (¢ H|$,). We have included only such
¢, which satisfy

JAE|> A, (15)

with at least one of the configurations ¢{?). As the
configuration ¢{#) in eq. (13) we have included all
single-excitation configurations which have coeffi-
cients larger than 0.1 in an ordinary single-excita-
tion CI. In the unlinked term 3d, C, R} S;|0), we
have included all double-excitation operators S,
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Table 1
Single- and double-excitation operators for singlet and triplet
excitations, ionizations, and electron attachment #

Type of Single-excitation Double-
excitation operator excita-
tion
operator
singlet
itati -1/2 b
excitation S¢=2"Y2(al,a,,+alga,z)  SES]
triplet
itati b
excitation T¢ = alaai,s R
ionization i =a,g IS}
electron
attachment A“=al, A°s?

® j, j and a, b denote occupied and unoccupied orbitals,

respectively, in the reference Hartree—Fock configuration.

whose coefficients in the ground-state CI are larger
than 1X 1073, As for the Ri, operator in the
unlinked term, we did two types of selections. For
singlet and triplet excitations and outer-valence
ionizations, which are primarily single-electron
processes, we have included only single-excitation
operators whose coefficients in the CI including
only linked operators are larger than 0.1. The
unlinked term then includes triple excitations. For
calculations of inner-valence ionizations and its
satellites, which involve two-electron (simulta-
neous ionization-excitation) processes, we have
included single- and double-excitation operators
whose coefficients in the CI including only linked
operators are larger than 0.1 [9]. The unlinked
term then includes in this case triple and quadru-
ple excitations. Hereafter, we refer to the calcula-
tions including only three-electron excited config-
urations and three- and four-electron excited con-
figurations in the unlinked terms as “3-excited”
and “3,4-excited” calculations, respectively.

Thus, the role of the unlinked terms in the SAC
CI theory represents a spirit of the multi-reference
CI; double excitations from important reference
configurations. The coefficients of the double exci-
tations are transferred from the SAC calculation
for the ground state (cluster approximation). They
are already involved in the ¥, when we form the

excited functions @, by eq. (4). The reference
configurations are singly excited configurations for
the one-electron processes and doubly excited con-
figurations for the two-electron processes. A suffi-

‘cient number of reference configurations is selected

automatically in our scheme because it does not
result in an increase of the dimension of the ma-
trix to be diagonalized. The size of the matrix to
be diagonalized is determined by the number of
linked terms.

We have used three kinds of basis set. They are
a valence-only basis, a valence plus Rydberg basis,
and a valence plus polarization basis. The
valence-only bases of CO, and N,O are the (9s6p)
GTOs of Huzinaga [38] contracted to the [3s2p] set
by Dunning and Hay [39]. The valence plus Ryd-
berg basis for CO, includes the [3s2p] set plus
Rydberg 3s3p GTOs on each carbon and oxygen.
For N,O, the valence plus Rydberg set includes
the [3s2p] set plus Rydberg 3s3p GTOs on only
the central nitrogen. The Rydberg bases used are
those given by Dunning and Hay [39]. The valence
plus polarization basis includes the [3s2p] set plus
d-polarization functions on each atom [39]. This
basis was used for the calculations of the ground
and ionized states of CO,, since as von Niessen et
al. pointed out [40], d-orbitals are important for
the valence ionization potentials of CO,. Though
d-orbitals may also be important for the excitation
energies [12-15], we did not test this possibility in
the present calculation. The geometries of CO, and
N,O were fixed at the experimental ones [41],
C-0=1.1621 A for CO, and N-N = 1.1282 A,
N-O = 1.1842 A for N,0.

The values of the thresholds A, and A, in egs.
(11) and (15), respectively, are 1.0 X 107> au and
5.0 X 1075 au for the calculations on CO, with all
kinds of basis set and on N,O with the valence-only
basis. For calculations on N,O with the valence
plus Rydberg basis, we used the values A, = 5.0 X
107> au and A,=1.0 X 10™* au because of the
lower symmetry of N,O. Table 2 summarizes the
dimensions of the matrices to be diagonalized in
the present SAC and SAC ClI calculations; i.e. the
dimensions of the linked operators. The dimen-
sions are rather small, considering the accuracy of
the results shown below.
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Table 2

Dimensions of the linked operators in the SAC and SAC CI calculations of CO, and N,O 3

Molecule State ® Valence-only basis Valence plus Rydberg basis ©)
SE -DE total SE DE total
CO, ground 64 886 951 112 1231 1344
(136) (2673) (2810)
excited singlet
s 64 437 501 112 1096 1208
a 64 874 938 112 2316 2428
excited triplet
s - - - 112 2860 2972
a 64 1008 1072 112 1971 2083
ionized
s 4 311 315 4 426 430
() (504) (508)
a 4 314 318 4 449 453
() (518) (522)
N,O ground 128 1354 1483 160 904 1065
excited singlet 128 1222 1350 160 2228 2388
excited triplet 128 1325 1453 160 2457 2617
ionized 8 578 586 8 682 690

2) SE: single excitation, DE: double excitation.

®) 5 and a denote symmetric and antisymmetric with respect to the C, operation.

©) Values in parentheses are for the valence plus polarization basis.

3. Ground states and valence and Rydberg excited
states of CO, and N,O

3.1. CO,

The energy of the Hartree-Fock wavefunction
used as a reference configuration and the correla-
tion energy of the ground state of CO, are given in
table 3. The orbital sequence of the Hartree—Fock
configuration was calculated to be

(core)’ 302 202 402 302 17} 17 (16)

The separation between the 30, and 17, MOs was
as small as 0.01 eV in the valence-only basis but
became 0.70 eV in the valence plus polarization-
basis (see table 8 below). For the correlation en-
ergy, the present results, even the single and dou-
ble CI results, (1 + 2)CI, are lower than the previ-
ous results of Winter, Bender and Goddard [16]
(WBG) and England and Ermler [12] (EE). The
polarization function is very important: the SCF

energy is lowered by 0.12 au and the correlation
energy by 0.11 au. The total effect is as large as
—0.23 au. The effect of the unlinked term is.
= —0.02 au. The effect of the Rydberg basis is
very small, as expected, on the ground-state en-
ergy.

Table 4 shows the lower valence and Rydberg
excitation energies of CO,. All the excitations are
vertical and are from the 17, and 17, MOs in an
orbital picture. The Rydberg states are denoted by
(R), though the mixing of the Rydberg and valence
characters depends on the geometry [42], for ex-
ample, the OCO angle [12-15]. The geometries of
the excited states, which have the valence char-
acter of lm, =4, will be bent [21,41]. SECI
denotes the results of the single-excitation CI. The
results of WBG are parallel with the results of the
SECI method. This probably reflects the smallness
of the amount of the correlation effects included
in the calculations of WBG. For valence excita-
tions, the results of EE and ours are relatively
similar but are very different from those of WBG
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Table 3

Hartree—Fock energy and correlation energy of the ground state of CO, (au)

Method Present @ WBG [16] EE [12]
CI MC CI
valence-only valence plus valence plus
Rydberg polarization
Hartree—Fock » —187.55292 —187.55521 —187.67466 —187.5561 —187.7226
(1+2)CI1® —0.28670 —0.28401 —0.39869 —0.1307 —0.2570
SAC NV —0.30844 —0.30317 —0.41457

) Valence-only basis; [3s2p] CGTO of Dunning-Hay. Valence plus -Rydberg basis; [3s2p] CGTO + Rydberg sp set on C and O.
Valence plus polarization functions; [3s2p] CGTO + d-polarization functions on C and O.

® Hartree—Fock configuration is given in eq. ( 16).

€) (14 2)CI denotes a CI including linked single and double excitations.

and of the SECI method. For Rydberg excitations,
the results by WBG, EE, and us are rather similar.
Especially, we note that the ordering of the states
is the same in the SECI and WBG calculations
and in the EE and the present calculations. The
orderings between these two sets of calculations
are different. Between the EE and the present
results, the EE results are consistently higher than
ours mostly by 0.1-0.2 eV. For the *X} state, the
EE value is higher than ours by 0.5 eV.

Between the results of WBG and the results of
EE and ours, the largest difference is the location
of the Rydberg “II (R) states relative to the
other valence states. In the WBG result, the
"2II,(R) states are well above the valence excited
states of the lfrrg — 4, character, but in the EE
and our results, the '3IT ¢(R) states are embedded
in the region of these valence excited states. From
table 4, we see that by the addition of the Rydberg
basis, the excitations of primarily valence char-
acter are shifted up by 0.07-0.14 eV. Further, we
found a small mixing of valence excitations in the
“?I1,(R) states.

The 'A,, and 'IT,(R) states are spectroscopically
important [12], but the relative locations were not
definitive in both experimental and theoretical
studies [12]. The 'S, state has the same main
electron configuration (1m, — 4, ) as the 'A, state.
The present result is that the 'TI,(R) state, which
is mainly of Rydberg nature, is lower than the 'A
and '2; states, which are valence in nature, at the
vertically excited states. This supports the result of

EE [12]. Due to England et al. [13], the SCF
energy levels of the 'A, and 'II, states are essen-
tially degenerate, so that the ordering and the
spacing of these states are due to electron correla-
tion. Table 4 shows that at the SECI level, the
ordering of these states is reverse to the EE and
the present fully correlated results. The same is
true for the results of WBG [16]. Note that the
Rydberg 'Hg(R) state has some small valence
character and that the 'IT,(R), 'A, and '3 states
mix strongly when the OCO angle is bent. As
England and Ermler [12] discussed, an avoided
crossing occurs between these states when the OCO
angle is bent from 180°, and after the avoided
crossing, the lower states become of valence char-
acter in contrast to the vertical excited states. The
same situations occur also for the triplet counter-
parts, the A, and 3Hg(R) states. Though the
*II1,(R) state is lower than the ‘A, state at the
vertical excited states, they will mix strongly when
the OCO angle is bent. An avoided crossing will
soon occur and after that, the lower state will
become of valence character.

The assignment of the experimental spectra
[17-19] is not necessarily a straightforward task
because they seem to be affected by the change in
geometry, especially the OCO angle, in the excited
states. When the geometry of the excited state
differs from that in the ground state, the spectra
develop to the lower-energy region. Ordinarily, the
geometry of the Rydberg excited states should be
linear in contrast to the bent geometry of the
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Table 4

Lower valence and Rydberg vertical excitation energies of CO, (eV)

State ) Orbital SECI WBG [16]  EE[12] SAC CI1© Exptl.
picture ® CI MC CI [12,16-19]
valence valence
only plus
Rydberg

3z 17, — 4, 7.24 7.35 8.65 8.04 8.15 8.1
*IT,(R) lm, = 50,(s) 9.31 8.95 8.86 - 8.73 8.3
A, lm, > 4m, 8.02 7.83 9.02 8.67 8.80 8.8
'TI,(R) 1z, = 50,(s) 9.83 9.23 9.10 - 8.93 8.4-8.6
337 lm, - 4m, 8.66 8.24 9.42 9.05 9.19
1> lm, - 4, 8.66 8.27 9.42 9.13 9.27
A, 1o, — 4, 8.99 8.38 9.43 9.25 9.32 9.3-9.4
' (R) 17, — 27,(p,) 12.19 11.07 11.20 - 11.00 11.08-11.20
3,(R) lm, > 40,(p,) 12.28 11.49 11.43 - 11.31
', (R) lm, - 40,(p,) 12.46 : 11.53 11.45 - 11.39 11.4-11.6
N lm, = 4m, 11.04 12139 11.79
A, lm, - 4m, 12.22 12919 12.44 12.4

2) (R) denotes Rydberg excited state.

® In the calculations by the valence plus Rydberg basis, the 2m,, 37, and 47, MOs are mainly Rydberg orbital on C, Rydberg
orbital on C and O, and valence 7-antibonding orbital, respectively.

¢ SAC CI V solutions are given.
9 Ref. [13].

valence excited states [21]. For the '3IT . (R) states,
however, the potential curves will become lower
upon bending because of strong mixing (after the
avoided crossing) with the '*A  states [12]. There-
fore, for the *2}, "’II,(R), and "X states, the
theoretical values should be higher than the ob-
served ones, but for the '*A , 'S*(R) and "*IT (R)
states, the theoretical values should be close to
experiment, so long as the theory is reliable. We
then assign the peaks at = 8.8 eV, 9.3-94 eV,
11.08-11.20 eV, and 11.4—-11.6 eV to the *A , A,
'3 *(R), and 'IT ,(R) states, respectively. The opti-
cal peak at 8.4-8.6 eV, a counterpart of the optical
peak at 9.3-9.4 eV, is then assigned to the 'IT,(R)
state. The peaks observed at = 8.3 eV and = 8.1
eV by electron impact spectroscopy [19] are as-
signed to the *IT ¢(R) and 33F states, respectively.
For the excitations from the inner l#, orbital, we
have calculated only two triplet excited states.
These are valence excitations of 1w, — 4, char-
acter, and will follow the first Rydberg band. The
peak observed at 12.4 eV by electron impact spec-
troscopy [18] may be due to the *A, state. Though

the present assignments do not necessarily agree
with the assignments given by experimentalists
[17-19], we have taken into accounts their argu-
ments on the spectral intensities, especially the
spin and space symmetries of the excited states.

3.2. NO

Table 5 shows the Hartree—Fock energy and
the correlation energy of N,O. The Hartree—Fock
orbitals are calculated to be

(core)’(40)(50)*(60)* (17)* (706)* (27)*.  (17)

The present correlation energy is much lower than
those of Peyerimhoff and Buenker [43] and of
Winter [44]. (Winter’s basis set is the same as the
present valence-only basis.) This shows that the
present wavefunction is much better than those of
the earlier calculations. Between the present two
results, the result of the valence plus Rydberg
basis is worse because we have used a larger
threshold A, in eq. (11) for this basis than for the
valence-only basis.
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Table 5

Hartree—Fock energy and correlation energy of the ground state of NNO (au)

Method Present ) Peyerimhoff Winter [44]
and Buenker [43] (I1 CI
valence only valence plus
Rydberg
Hartree—Fock ® —183.59033 —183.59192 —183.5763 —183.59032
(1+2)CI —0.30634 —0.28710 —0.1108 —0.12329
SAC NV —0.32688 —0.30439

#) The threshold for the linked operators in the SAC calculation, )\g in eq. (11), is 1.0X 1073 au for the valence-only basis, but

5.0x 1072 au for the valence plus Rydberg basis.
®) Hartree—-Fock configuration is given in eq. (17).

The dipole moment of N,O is sensitive to corre-
lation effects. Table 6 shows the dipole moment
and the second moment of N,O. The SCF result of
McLean and Yoshimine [45], which is near the
Hartree—Fock limit, and the results of Peyerimhoff
and Buenker [43] are cited for comparison. The
SCF result of the dipole moment is much reduced
by the inclusion of the correlation effect. The
present CI result is smaller than that of Peyerim-
hoff and Buenker, reflecting the inclusion of a
larger amount of correlation in the present calcula-
tion. The present SAC result is still smaller than
the CI result with an increased inclusion of the
correlation effect. It is less than a half of the SCF
result. This reduction in dipole moment is due to a
flow of charge from oxygen to the central nitrogen
atom. The effects of electron correlation to the
second moments are relatively small, but they work

Table 6

Dipole moment and second moment of the ground state of N,O (au)

to bring the theoretical results closer to experi-
ment. In the present case, the SAC results are
closer to experiment than the CI results. In table 6,
the SCF results of McLean and Yoshimine are
closest to the experimental values. This shows the
necessity of using a more extended basis set.
Table 7 shows the vertical excitation energies of
N,O. The Rydberg excited state is denoted by (R)
in the first column. The CI results of Winter [44]
and Peyerimhoff and Buenker [43] are cited for
comparison. For Rydberg excitations, the present
results seem to be the first calculations of fully
correlated wavefunctions. For N,O, the valence
excitations of 27 — 4« character appear separately
as a group in a lower-energy region than the
Rydberg excitations. For valence excitations, the
present results are larger by 0.1-0.4 eV than the
experimental values, probably because the geome-

Property # SCF PB [43] Present ® Exptl. [45]
limit [45]
SCF CI SCF (1+2)C1® SAC
m - —-0.411 -025  —0.392 ~0.199 —0.189 +0.653
(z?) 85.696 87.570 87.358 87.356 87.158 87.124 84.718
(x2y+{p?) 22.898 22.986 23.086 23.048 23.048 23.042 22.793
(r?y 108.594 110.556 110.444  110.404 110.206 110.166 107.551

#) The second moments were calculated with respect to the center of mass.

) Results of valence plus Rydberg basis.

) Single- and double-excitation CI including only linked configurations of the present SAC calculation.
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Table 7
Lower valence and Rydberg vertical excitation energies of N,O (eV)

State @ Orbital SECI ® W [44] PB [43] SAC CI ¥ Exptl. [44]
picture ® 1 C1 CI

valence valence plus

only Rydberg
3x+ 27 > 47 423 5.4 5.8 5.76 5.75 5.6
A 27 > d 5.11 6.0 6.4 6.63 6.61 6.2
33- 27 > 4x 5.86 6.5 6.8 7.09 7.09
o 27 > 47 5.86 6.6 6.9 7.26 7.16 6.81°), 6.85
A 27 > 4w 6.34 6.8 7.1 7.47 7.38
3II(R) 27 — 85 (3s) 8.45 - - - 8.38 =800
'IT(R) 27 — 80(3s) 8.99 - - - 8.60 8.52
'S*HR) 27— 37(3p,) 10.56 - - - 9.84 9.66
'A(R) 27— 37(3p,) 10.79 - - - 10.24
'Z7(R) 27— 37(3p,) 10.84 - - - 10.27

2 (R) denotes Rydberg excited state.

® In the calculations by the valence plus Rydberg basis, the 37 and 47 MOs are mainly Rydberg and valence orbitals, respectively.
©) Results of valence plus Rydberg basis. The results of valence only basis differ at most by 0.02 eV.

4 Results of SAC CI V calculations.
©) Ref. [17).
O Refs. [22,23].

tries of the excited states, especially the NNO
angle, are different from that of the ground state;
the geometry of the valence excited states should
be bent [21]. For Rydberg excitations, the change
in geometry due to the excitation should be small
[21], so that the present SAC CI results for them
agree better with the experimental values than for
the valence excitations. The situation is simpler for
N,O than for CO, because the avoided crossing
between valence and Rydberg states does not oc-
cur for N,O because the latter are located in a
higher-energy region than the former.

Comparing the results of the valence-only basis
with those of the valence plus Rydberg basis, we
see that the mixing of the valence and Rydberg
characters is larger in the singlet states than in the
triplet states. For the triplet states, the results of
the two basis sets are almost the same. The mixing
of valence and Rydberg characters in the singlet
states occurs through electron correlation, since
the SECI results of the two basis sets differed at
most by only 0.02 eV.

The results of the SECI, II CI by Winter [44],
and the limited CI by Peyerimhoff and Buenker

[43] are all smaller than the present SAC CI re-
sults. The values increase in this order. The assign-
ments of the two lowest peaks observed at 5.6 and
6.2 eV are the same, but for the peak at 6.85 eV,
the assignments are different. Peyerimhoff et al.
assigned it to either '3~ or *°2~ and Winter as-
signed it to the 'A state. According to Rabalais et
al. [17], who assigned this peak to the 'A state, this
transition is of low intensity in optical spectra and
the upper state involves considerable bond stretch-
ing and /or bending. Considering this fact and the
results of the present SAC CI calculations, we
prefer to assign this peak to the !X~ state, though
the possibility of the 'A state still remains. The
origin of the weak and broad peak seems to be due
to a considerable bending in the excited state. For
the Rydberg excitations, the present assignments
are consistent with those of previous authors
[17-19,22,44]. According to Hall et al. [22], the
peak at = 8.0 eV is due to a spin-forbidden excita-
tion and was assigned to the *IT state. Rabalais et
al. [17] assigned the transitions at 8.52 and 9.66 eV
to the 'IT and 'S states, respectively. The present
results support these assignments.
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4. Ionization spectra of CO, and N,O from outer-
to inner-valence regions

4.1. Outer-valence ionization

Table 8 shows the ionization potentials of CO,.
The first four are outer-valence ionizations and the
last two inner-valence ionizations. The latter two
are the main peaks of many inner-valence ioniza-
tions and their satellites, which will be discussed in
detail in section 4.2. The Koopmans values are
always larger than the observed values. Von Nies-
sen et al. [40] pointed out that the correct ordering
of the 17, and 30, MOs is obtained only with large
basis sets which give results close to the
Hartree—Fock limit. In the present case, the va-
lence-only basis gives almost degenerate 17, and
30, MOs, but the valence plus polarization basis
gives more improved spacing. The SAC CI results
compare reasonably well with the experimental
values [46]. The correct ordering of the 2IT (17, —
o0) and 22 (30, — o) states is obtained only when
we use the valence plus polarization basis. This is
the same tendency as the Green’s function method
as reported by von Niessen et al. [40]. Our results
may not yet be stable to the basis set expansion.
The notations “3-excited” and “3,4-excited” stand
for calculations which include the unlinked terms
RSP and ROSP) 4 RIS respectively, where

Table 8
Ionization potential of CO, (eV)

R™ and R‘® denote one- and two-electron excita-
tion operators, respectively, in eq. (12). Among the
present SAC CI results, the “3,4-excited” calcula-
tions with the valence plus polarization basis (ac-
tually the most elaborate calculations) give best
overall agreement with experiments. As shown by
England et al. [12-15], the lowest ionization
potential for the 2Hg(lvrg — o0) state appears dif-
ficult to calculate accurately with the CI method.

Table 9 shows the ionization potential of N,O.
Again the first four are outer-valence ionizations
and the latter two inner-valence ionizations. The
Koopmans values are always larger than the ex-
perimental values. Here, the orderings are correct
in contrast to CO,. As for the SAC CI results, the
“3-excited” results compare better with experi-
ment than the “3,4-excited” results, except for
ionization from the 1# MO. Probably, the effect of
polarization functions and the effect of “4-excited”
configurations in the unlinked term may offset
each other. The better result of the “3,4-excited”
calculations for the ionization from the l# MO
seems to be due to a large mixing of shake-up
configurations into this ionization as shown later
in table 11. For the inner-valence ionizations, the
main peaks observed at 35.5 eV and 39 eV [25]
may be assigned to ionizations from the 5o and 40
MOs, respectively, though there is strong mixing
of shake-up configurations as shown below.

State Orbital Koopmans SAC CI12» Exptl. CI CI Green’s

picture [46] England  Iwata [46] function
3-excited 3,4-excited " etal [28,40] ¢
[12-15]

2I"Ig lm, — o0 14.77(14.71) 13.97(13.61) 13.42(13.11) 13.78 13.07 13.01 13.66(13.49)

i, lm, — o0 19.47(20.09) 18.31(18.49) 17.60(17.86) 17.59 17.18 17.69 17.87(18.20)

23, 30, > 20.17(20.10) 18.40(17.91) 17.69(17.33) 18.08 18.38 17.84 18.30(18.12)

225 40, > o0 21.75(21.68) 19.79(19.23) 19.03(18.59) 19.40 19.84 19.21 19.65(19.34)

> 20, > © 40.25(41.31) 36.41(38.11) 35.61(36.77) - - 35.30

223 30, >0 41.76(42.74) 38.12(39.15) 36.52(36.91) - - 38.84

2) Results of the valence plus polarization basis and valence-only basis are given without and with parentheses, respectively.

®) SAC CI V result. The notation "3-excited” and “3,4-excited” stands for calculations including the unlinked terms, R‘VS(?) and
RIS 4 RIS respectively, where RV and R are one- and two-electron excitation operators, respectively. (See eq. (12).)

) The results of extended basis set and double-zeta basis set are given without and with parentheses, respectively.
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Table 9
Ionization potential of NNO (eV)

State Orbital Koopmans SAC CI® Exptl. [46] Cl1 Green’s
picture Iwata [46] function [28]
3-excited 3,4-excited
’n 27 > 00 13.25 12.61 12.24 12.89 12.23 12.72
2y 7o — o0 18.94 16.47 15.59 16.38 16.01 16.38
n 17 =00 21.36 19.62 18.73 18.2 18.37 18.93
) 60 — © 22.36 19.96 19.40 20.11 19.96 20.53
s 50 >0 39.93 - 36.7C 35.5 - 34.83
) 46 > 0 44.84 - 40.33 39 - 38.63

2) SAC CI V results with the valence-only basis.
) Ref. [25].

4.2. Inner-valence ionizations and satellite peaks

The inner-valence ionization spectra of CO,
and N,O were observed by photoelectron spectros-
copy [24-26] and by dipole (e-2e) spectroscopy
[27,28]. Fig. 1 shows the photoelectron spectra of
CO, (upper) and N,O (lower) observed by Allan et
al. [24] and by Gelius [25], respectively. The broad
and overlapping peaks suggest the existence of
many satellite peaks in the inner-valence region.
Theoretical studies were performed by Cederbaum
et al. [29] and Domcke et al. [28] by the 2ph TDA
Green function method. They attributed these
satellite peaks as being due to strong correlation
effects in the final ionized states. Arneberg et al.
[47] also suggested the role of vibrational and
vibronic effects.

As mentioned in section 2, the SAC CI theory
involves a spirit of multi-reference CI through the
unlinked terms of eq. (12). Though an ordinary
excitation or ionization is essentially a one-elec-
tron process, inner-valence ionization includes
simultaneous ionization-excitation (shake-up)
processes which are two-electron processes. There-
fore, in the spirit of multi-reference CI, we have to
include up to two-electron excitation operators for
the R operators in the unlinked terms of eq. (12),
which result in three- and four-electron excited
configurations. This calculation has been referred
to as “3,4-excited” calculations in contrast to the
“3-excited” calculations which includes only one-

INTENSITY
T

10 20 30 40
BINDING ENERGY (eV)

INTENSITY
1
1

| 1 | 1

10 20 30 40
BINDING ENERGY (eV)

Fig. 1. Experimental photoelectron spectra of CO, (upper, from
ref. [24]) and N,O (lower, from ref. [25]).
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electron excitation operators for the R} operators
in the unlinked terms (which result in three-elec-
tron excited configurations). Here, we thus give
the results of the ““3,4-excited” calculations only.

Fig. 2 shows the calculated ionization spectra of
CO, and N,O obtained commonly with the va-
lence-only basis. The upper one is for CO, and the
lower one for N,O. Fig. 3 shows the ionization
spectra of CO, calculated with the valence plus
polarization basis. In tables 10 and 11, we have
given more detailed results of the SAC CI calcu-
lations. Table 10 is for CO, obtained with the
valence plus polarization basis and table 11 is for
N,O obtained with the valence-only basis. The
spectral intensity is assumed to be proportional to
the transition monopole [47,48],

occ

Pe=2 (¥ laP)l* = LK ¥ la,B0), (18)

where ¥ is the wavefunction of the K'th ionized
state, a; annihilates an electron from the orbital ¢,,

Table 1J

and @, is the Hartree—Fock reference configura-
tion.

The present theoretical spectra shown in figs. 2
and 3 reproduce general features of the experimen-
tal photoelectron spectra shown in fig. 1. In the
inner-valence region, 22-45 eV, the observed spec-
trum of CO, is composed of a single broad peak
ranging from 30 to 43 eV with a flat shoulder in
the 30-35 eV region. On the other hand, for N,O,
the main spectrum ranging from 30 to 43 eV is

‘composed of several (at least four) split but over-

lapping peaks, and there are at least two distinct
peaks in the 22-30 eV region. The theoretical
spectra reproduce these general features and also
the differences between the CO, and N,O spectra.
The main peaks in the 30-43 eV region are consid-
ered to be due to the superposition of many peaks
of inner-valence ionization and their satellites. The
small peaks of N,O in the 22-30 eV region seem
to be due to satellites of the ionizations from the
17, 60 and 50 orbitals.

Comparing fig. 3 with the upper half of fig. 2,

Valence ionizations and satellite peaks of CO, calculated by the SAC CI theory ¥

Ionization Main Intensity Main configuration ®
energy (eV) orbital P

13.42 Im, 0.92 0.96(17,)~!

17.60 1m, 0.89 0.94(1ar,)~!

17.69 3o, 0.90 0.95(30,) "

19.03 40, 0.89 0.94(40,)"!

30.64 30, 0.02 0.85(1m,)"2(50,)"

32.17 20, 0.03 0.40(17,) " (1m,) " '(5q,)"
32.66 1w, 0.03 0.75(1m,) " 2(2m,)"

35.58 17, 0.02 0.68(1m,)~ (1)~ ' (2m,)"
35.61 20, 0.67 0.82(20,) 7! .
36.32 lm, 0.03 0.66(17,)~'(3a,) " '(50,)"
36.52 30, 0.47 0.68(30,) "

36.96 20, 0.08 0.36(40,) " '(17,) " '2m,)"
37.17 30, 0.18 0.67(30,) " %(5q,)"

39.74 30, 0.11 0.75(3,) " %(5q,)"

41.52 20, 0.08 0.44(1m,) " '(40,) "' (2m,)"
4197 30, 0.05 0.41(17,)"*(50,)"

42.14 30, 0.02 0.63(17,) " *(5a0,)"

42.64 30, 0.04 0.54(1m,) " '(30,) "' (37,)!
47.09 20, 0.02 0.41(30,) " '(1m,) " '2m,)!

*) From valence plus polarization basis. The Hartree-Fock orbital sequence is (core)’(30,)%(20,)%(40,)*(30,)*(17,)*(17,)*27,)°

(50,)%40,)°(37,)°....

®) The notation (i)~ ! and (9‘ 1(4)~"(a)! stands for the configurations 1,|0) and I;S/|0), respectively (see table 1).
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Fig. 2. Theoretical ionization spectra of CO, (upper) and N,O (lower) calculated by the SAC CI theory including three- and
four-electron excitations in the unlinked terms. The basis sets are commonly the valence-only basis.

we see that the effect of d-polarization functions is
to shift the group of peaks in the 30-43 eV region
to the left by = 1 eV. The main 20, and 3¢, peaks

sity, accordingly.

near 36 eV gain more intensity by the inclusion of
d-orbitals and the satellites near 40 eV loose inten-
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Fig. 3. Theoretical ionization spectra of CO, calculated by the SAC CI theory including three- and four-electron excitations in the

unlinked terms. The basis is the valence plus polarization basis.

The detailed structures of the spectra of the
inner-valence ionizations and their satellites are
clarified only theoretically. Tables 10 and 11 give
detailed information. For CO,, the 20, and 3¢,
peaks appear in the same overlapping energy re-
gions. Namely, the 20, peaks appear at 35.6 eV
(P =0.67), 37.0 eV (P =0.08), and 41.5 eV (P =
0.08), and the 30, peaks appear at 36.5 eV (P =
0.47), 37.2 eV (P =0.18), 39.7 eV (P =0.11), and
42.0 eV (P = 0.05). On the other hand, for N,O,
the 5¢ and 40 peaks appear in separate energy
regions. Namely, the 50 peaks appear at 33.1 eV
(P =0.15), 36.7 eV (P =0.43), and 38.5 eV (P =
0.19), but the 40 peaks appear at higher energies,
39.3 eV (P =0.10), 40.3 eV (P =0.29), 429 eV
(P =0.18), and 43.3 eV (P = 0.15). This seems to
be the main reason of the difference in the ob-
served spectra in the 33-43 eV region, i.e. a single
broad peak for CO, and split overlapping peaks
for N,O. (This feature is already seen in the
Hartree-Fock orbitals. Namely, the orbital en-
ergies of the 20, and 39, MOs of CO, are —40.25
and —41.76 eV, the difference being only 1.51 eV,

whilst those of the 560 and 40 MOs of N,O are
—39.93 and —44.84 ¢V, which differ by as much
as 4.91 eV.) Thus, for N,O we can assign the three
strong and distinct peaks observed at 33, 36 and
39 eV as ionizations from the 50 (33.1 eV), So
(36.7 V), and 40 (39.3 and 40.3 eV) MOs, respec-
tively. The shoulder at 42.5 eV is assigned to the
40 MO (42.9 eV). For CO,, however, the excita-
tions from the 20, and 30, MOs overlap more
closely so that distinct assignments are impossible.
Anyway, since the orbital picture is broken down
almost completely for these ionized states, these
assignments to the MOs are almost meaningless,
and we have better use the assignments as given in
tables 10 and 11.

As origins of the shake-up configurations in the
satellite peaks, the excitations from the 4og, 30,,
l7,, and lwg MOs to the 50g, 2m,, and 37, MOs
are important for CO, and the excitations from
the 60, 17, 27, and 70 MOs to the 80 and 37 MOs
are important for N,O. These occupied orbitals
are bonding MOs between neighboring atoms or
non-bonding MOs and the unoccupied MOs are
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Valence ionizations and satellite peaks of NNO calculated by the SAC CI theory 2
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Ionization Main Intensity Main configuration ¢

energy (eV) orbital ® P

12.24 27 0.93 0.96(27) "

15.59 To 0.85 0.91(76) !

18.73 I 0.80 0.89(17)~ ' —0.41Q27) " 2(37)'

19.40 6o 0.89 0.93(60) !

22.50 17 0.04 0.8327) " 2(3m)!

26.50 66(50) 0.03 0.74Q27) " Y(76) "' (37)"

29.14 17 0.06 0.6327) 2(3)!

31.81 5a(60) 0.06 0.37(76) " '27) " '(37)!

33.06 56 0.15 0.37(50) ' +0.36(17) " '(27) " '(80)'
33.43 S56(40) 0.06 0.43(17) ™ Y(76) " '(37)"

35.08 17 0.01 0.55Q7)” '(17) " '37)!

36.43 40(50) 0.06 0.71(66) " '(76) " '(80)"

36.70 S0 0.43 0.63(50)7!

38.50 56 0.19 0.5327) " '(17)~'(80)! +0.49(17) " '27) " '(80)' —0.43(50) !
39.27 40 0.10 0.60(70)~'(60) " '(80)'

40.33 40 0.29 0.53(46) "' +0.35(70) " '(60) " '(80)"
41.25 46(50) 0.03 0.4927) ™ Y(70) " '(4m)!

41.85 50(60) 0.01 0.7427) %(100)"

42.12 40(60) 0.04 0.48(70) " '27) " '(4m)!

42.88 40 0.18 0.46(17) " '(60) " '(37)! +0.41(40) "
4325 46(50) 0.15 0.44(60)"'(27) '(37)! +0.32(40) !
44.64 40(50) 0.01 0.44(17)~ '(27) ' (90)!

4553 40 0.01 0.5427) " %(110)"

47.36 40 0.01 0.61(17) %(80)!

#) From valence-only basis. The orbital sequence is (core)®(4¢)2(50)%(60)%(17)%(70)%(2m)*(37)°%(80)%(95)%(47)°(106)°(57) (115)°

(120)°....

®) In parentheses, the secondary, but close to main, orbital is given.

©) The notation (i)~ ' and (i)~ '(j)~'(a)" stands for the configurations 7,|0) and /,S|0), respectively (see table 1).

antibonding MOs, so that in the inner-valence
ionized states and their satellite states, consider-
able elongations in bond length should occur. This
effect should also be a reason of the broadness of
the peaks. (This effect tends to shift the overall
shape of the spectrum to the lower-energy region.)
Further, we see from fig. 2 that many weak peaks
are embedded between the relatively strong peaks.
This is also an origin of the broadness of the peaks
in the inner-valence region.

5. Summary and conclusion

In this paper, we have studied the valence and
Rydberg excitations, ionizations, and inner-va-

lence ionizations and their satellites for CO, and
N,O, an isoelectronic pair of molecules. These
various excited states were studied by the SAC CI
theory based on the SAC wavefunction for the
ground state. For CO,, some controversial situa-
tions were there in the assignments of the elec-
tronic spectra. Our results are relatively close to
the results of England and Ermler [12]. Based on
the present results, we have given a systematic
assignment of the observed spectra. For N,O, a
similar situation exists, though the studies were
more limited than for CO,. The present study is
most comprehensive and accurate. For the valence
excitations of CO, and N,O, a change in geometry,
mainly in the valence angle [21], seems to make the
spectra complex. the Rydberg excitations of CO,
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and N,O are rather simple and easily assigned,
except for the '*IT ¢ (R) states of CO,, because the
change in geometry due to excitation should be
small for Rydberg excitations [21]. The "*II,(R)
states of CO, are lower than the valence excited
states, so that they mix strongly with the valence
excited states and suffer an avoided crossing, when
the molecule is bent in the excited states [12]. For
N,O, the Rydberg excited states are well above the
valence excited states, so that such a complexity
does not occur. The assignments of the spectra
were therefore simpler for N,O than for CO,.

The SAC CI theory has also given satisfactory
results for the ionization spectra of CO, and N,O
in both valence and inner-valence regions. The
broad and overlapping features of the spectra of
the inner-valence ionizations are explained as being
due to strong final correlation effects, i.e. the
existence of many shake-up states mixing with the
single-ionization states. This supports the result
obtained by Domcke et al. [28] by the 2ph TDA
method. The similarities and the differences in the
photoelectron spectra of CO, and N,O have found
their own theoretical origins. We note that an
ordinary multi-reference CI method is very dif-
ficult to be applied to the study of inner-valence
ionizations, because many eigenvalues and eigen-
vectors of matrices of large dimensions should be
solved [47]. The SAC CI theory can be applied
easily to this study because it is more rapidly
convergent than ordinary CI methods.

Finally, we note that in all calculations of the
ground state, valence and Rydberg excited states,
and outer- and inner-valence ionizations, we have
used commonly the same reference orbitals, i.e. the
closed-shell RHF orbitals of the neutral ground
state. This is important and useful for theoretical
and computational consistency and simplicity.
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