|3

@ (f)=exp [(P,/2P,)(1 - P )],
(Po(t) = exp[(3PA /sz)(l - e-th)]

xexp[(P, /4P,)(1 - e™2P+)].
Then

Xo(®) = a3+ a;101 () + @100 () ]e ~Fa*Pr)*, (a4)

The total Auger transition rate P} (corrected
for partial population of the 1s state) can be deter-
mined from the equation

P

xn(w)sﬁfm:PﬂL Xo(®) dt . (A5)

The population of the electron 1s state when the
muon reaches the state f is given by
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Qg = PR j‘;.’ [a‘2+ a“(l -e -P"t)gal(t)
+ap(l - ePLPoy(f)]e"FaPrMdt, (A6)

ap = j;” {Paaz+ an @ ([ (Pg - Py)es + Pyl + ayyeot)

X[Pg(l = e P*)e Pt 1+ P, (1 - e Pxt e “Pa*PR) gt
(A7)
ago= [ "{an @1 t)5Pse 5 + a0y () e
X[Pg+ 3P,(1 = ePst)]}e-ParPr gt
The average number of 1s electrons actually

present during the muonic radiative ¢ - f transition
is

(A8)

flyy=2ap+an+[PL/(P 1+ Pp)] .

(A9)

*Work performed under the auspices of the U. S.
Atomic Energy Commission under Contract No,
AT (04-3)-63.
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Excited electronic states of the O;” molecule have been calculated with configuration-inter-
action (CI) variational trial functions that assure formally correct asymptotic behavior as

well as the single-configuration self-consistent-field (SCF) approximation.

CI results were

obtained by both multiconfiguration self-consistent-field (MC-SCF) and pseudonatural orbital
(PNO) techniques. The MC-SCF results are most accurate and are used to analyze the

energy curves and wave functions of these states for internuclear separations larger than 3
a.u. All the excited states are found to have equilibrium~internuclear separations at least

1 a.u. larger than the ground state. The two lowest energy states, the 42,‘, and 2Hu, are
characterized, respectively, as shape and valence Feshbach resonances. They are sufficient-
ly bound to make it likely they play a role in low-energy-electron scattering by oxygen.

I. INTRODUCTION

The experimental and theoretical understanding
of the excited states of Q," is very limited. Simple
adiabatic correlation rules determine that 24 energy
curves arise from the interaction of ground state

OCP) and O"(P). Of all these energy curves only
the ground state X211, of the ion has been studied
extensively. In particular, there has been a con-
siderable experimental effort toward the determina-
tion of the electron affinity of O,.' A recent cal-
culation has also shown that an accurate electron
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affinity can also be obtained theoretically.? Direct
evidence of the excited states of O, is obtained
from the fluorescence spectra of O, in alkali halide
crystals,® and from the dissociative attachment of
electrons to O,.* In both cases the upper state has
been discussed in terms of an excited ?II, state but
there is a supporting theoretical analysis only in
the case of dissociative attachment.® There have
also been molecular-orbital speculations® which
emphasize a possible *Z; metastable state and, in
addition, considers 24, 2II,, and 3; states. Only
recently have actual calculations been reported for
the excited states.’

Although it is quite difficult to obtain detailed
experimental information for the excited states of
a negative ion, the ability to calculate such states
has improved considerably in recent years. The
analysis of the ground-state energy® 2[l, was based
upon a superposition of configurations trial func-
tion, Such configuration interaction (CI) can be
implemented in a number of ways, and in this pres-
ent study, two techniques will be used which have
been designated optimized valence configuration
(OVC)® and pseudonatural orbital (PNO) configura-
tioninteraction.® The multiconfiguration (MC)-self-
consistent-field (SCF) technique is used in the OVC
studies to determine only the correlation energy in
the valence shell which varies strongly as the atoms
combine from infinite separation. The main pur-
pose of this study was to extend these techniques in
a prelimary analysis of all the energy curves of O,",

The first step consisted of calculating an energy
curve for a dominant single configuration (SC) by a
self-consistent-field calculation, namely, a re-
stricted Hartree—Fock (HF) calculation, 10 Although
such SC-SCF energy curves can have severe
asymptotic difficulties, the equilibrium internuclear
separations are usually correctly predicted, and
the excited O,” states are found to have equilibrium
distances much larger than that for the XZIIg state.
This is physically reasonable and suggests an
economical approach for the calculation of all the
0O,” states via the OVC philosophy in which a base
function is defined as the minimum number of con-
figurations required to yield formally correct dis-
sociation into HF atoms.® Such a base function in-
cludes the electrostatic and ion-induced interac-
tions. At the larger internuclear distances, which
are those important for the O,” excited states, other
correlation-energy changes accompanying bond
formation are relatively unimportant except for ex-
change coupling that mixes configurations arising
from the O”+ O(*D) interaction with the O~ + OGP)
base functions, The easiest way to include such an
interaction is to mixthe valence-type configurations
obtained from all combinations of 30,, 30,, 'I,,
and 'II, molecular orbitals. The correlation be-
havior at shorter distances can be examined along

[ES]

the lines developed® for the X II, state within an
OVC scheme as interest in this region develops
from experimental sources.

Section II of this paper discussed the three meth-
ods used in this study, namely, the SCF, the
PNO-CI, and the MC-SCF-OVC scheme. In Sec.
IIT the results for each state studied are presented
and analyzed, and Sec. IV summarizes the major
conclusions of this work.

II. METHODS
A. Single-Configuration Self-Consistent-Field Method

In this model, the variational calculation for the
negative ion is performed on a configuration con-
structed by adding an electron to a target configura-
tion and recoupling to a symmetry-adapted nega-
tive-ion state., When the negative-ion state is not
bound in a given range of internuclear distances
then the variation can yield the target state and a
constant or zero-energy continuum orbital. !! How-
ever, if the attached electron is placed into a
multiply occupied degenerate orbital, then the
reference target state is one for which the orbital
has zero occupancy. The resulting negative-ion
SC-SCF states are then well defined relative to the
neutral target states, since such ionized states
usually have high energies. These states will sup-
port shape resonances’? with narrow widths. In
this study, attachment of a single electron will be
considered in the SC-SCF model only at distances
sufficiently large, so that the ion energies are low-
er than the neutral ones. Therefore, SCF calcula-
tions were completed for the following single con-
figurations which all have a common core,
10210220%202:

17302173, X1,

1m30,17330,, *m,, °I,;
1m3o%17, %I,

17430, 17% , 2%y,

1m30%17%30,, %=, %4,, %=, =0

Both Slater-type functions (STF)!® and Gaussian-
type functions (GTF)* were used. The STF basis
uses an atom basis at the O atom HF level® aug-
mented by two d functions on each atom. The GTF
basis used the 9s, 5p atom basis of Huzinaga. ¢
The energy results are given in Tables I and II.
For comparison sake selected neutral O, energies
for the 72(X%z;, 'a,, '=}) states are also tabulated.
As is now well known, the SCF approximation
suffers from a major difficulty; with very few ex-
ceptions energy curves calculated in this approxi-
mation behave incorrectly asymptotically. Only
the *A states behave formally correct asymptotical-
ly; at large distances the SCF energies are very
deceptive in determining which adiabatic curves
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TABLE I. SCF energy curves: STF O, and Oy
~E(R) =148 + (a.u.)
R
State? 2.0 2.282 3.0 4.0 5.0 6.0 8.0
0O, 32; 1.62640 1.64755 1.48744 1.26177 1.12617 1.050 38 0.98035
1A‘, 1.57910 1.600 35 1.44214 1.21871 1.08434 1.00917 0.93959
‘Z; 1.53270 1.553 89 1.39738 1.17612 1.04295 0.968 39 0.899 24
Oy ZII‘, 1.52081 1.60996 1.56398 1.41421 1.31191 1,25219 1.17974
22; 1.15931 1.35184 1.494 30 1.48576 1.45377 1.43215 1.41410
4Hu 0.70955 1.048 27 1.44131 1.53162 1.53202 1.526 64 1.52213
ZHu 0.93713 1.35186 1.45182 1.45439 1.44953 1.44521
42; 1.05554 1.28314 1.47621 1.42109 1.34975 1.30553 1.26490
22; 0.98192 1.18588 1.39584 1.35409 1.28775 1.24578 1.20674
2Au 0.98177 1.20550 1.40669 1.35824 1.28966 1.24671 1.20696
22; 1.16411 1.36591 1.31860 1.25080 1.208 28 1.16884

®The configurations describing the SCF states are (the 162102202202 core is always understood)

0y 23, 14, and

15§, sofiniind; O3 M, Soflrilnd; '=f, Sodrfind;*N, and 1, 30,dr, 17330, ‘=5, ’Z;, %A, and %%, 30firilniso,.

are bound relative to O+ 0", Adiabatically, all but
one of the relevant O,” states should go to ground
state OCP)+ 0 ¢P). The molecular states arising
from this atom pair are >*3} 2z (2)%*3;,
(2)%*n,, (2)%*0,, 2*a,, and >%A,,

Despite these difficulties SCF curves are still
very useful for estimating the equilibrium inter-
nuclear distance 7, and the spectroscopic constants
of 0,"(X 2IIg,). Accordingly, such SCF calculations
were performed and the STF-SCF spectroscopic
constants are summarized in Table III. The spec-
troscopic constants were obtained via a Dunham
analysis. As is common with SCF calculations the
calculated 7, yields somewhat smaller values than
the experimental ones, while the calculated w, is
larger than experimental. Except for the 7, value
the spectroscopic constants for the O, and O," states
are not expected to be correct since the curves do
not behave correctly asymptotically as seen in Fig.

TABLE II. SCF energy curves: GTF O, and Oy".
—E(R) =148 +(a.u.)
R
State® 2.0 2.4 3.0 3.5 4.0
0, 3z 1.566 62
a 1.51935
Iz 1.47291
Oy M, 1.42441 1.56121 1.53026 1.46046 1.39414
o4 1.35024 1.46290 1.47313  1.46329
=7 1.31417 1.45244 1.44146  1.40388
M, 1.00856 1.29792 1.39445 1.38106  1.34717

2A11 configurations for the GTF calculations are identi-
cal to those given for SCF except for Oy 21, 30Zlwilmi.

1. The 02(32;) SCF curve goes to an asymptote
over 10 eV above the SCF energy of two oxygen
atoms while the 0,”(IL,) SCF curve is almost as
badly in error.

The excited states have an 7, uniformly in the
neighborhood of 3.25 a.u. Thus, these preliminary
SCF calculations indicated that an analysis of the
excited states should emphasize the longer-range
region. This occurs because the open-shell con-
figurations have occupied the antibonding 17, and
30, orbitals. As long as the asymptotic behavior
is handled correctly, other correlation effects at
these large distances should be relatively unim-
portant.

The apparent correlation error due to the asymp-
totic difficulty, however, is considerably different
for the neutral and ionic states and among the ionic
states. The lowest doublet excited state is the =}
state which dissociates formally to a linear com-
bination of neutral singlet states, | v20('D)

- 0('S)] and the O"(P) state. This indicates the
erroneous ordering produced by HF calculations
since this state must lie above the many states that
correlate to the OCP) and O~(%P) asymptote.

TABLE III. SCF and experimental spectroscopic
constants.
7 (a.u.) we (cm™)
State Calc. Expt. Cale. Expt.
%z 2.22 2.282 1667 1580
i, 2.50 2.534% 1499 1089*

2See Ref. 1.
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FIG. 1. Hartree—Fock energy curves of the 32:;, 0O,
and %I, O,” ground states. Both curves exhibit the
formally incorrect asymptotic behavior of the HF approxi-
mation.

Asymptotically correct dissociation is a sine qua
non for an analysis of a family of energy curves,

B. Configuration-Interaction Methods

The asymptotic difficulties at the HF level dis-
cussed in Sec. II A can be removed by adding a suf-
ficient number of configurations to assure formally
correct dissociation into HF atom fragments, In
this study the asymptote is determined to be formal-
ly O(P) + O"(®P) with the restriction that the atomic
radial functions are identical in both atoms., This
level of correlation is achieved by mixing valence
functions constructed only out of excitations within
the 30,, 30,, 1m,, and 17, molecular orbitals. In-
cluding such configurations can take account of the
long-range electrostatic multipole-multipole inter-
action when the molecular orbitals are constructed
with flexible polarization functions. Important
correlation effects arising from excitations out of
the valence shell are not considered here since
they are expected to be most important at smaller
internuclear separation. This asymptotically cor-
rect model should permit a semiquantitative de-

termination of the relative positions of all curves
arising from the same asymptote, An examination
of these curves then permits a decision about sub-
sequent effort on correlating the states of particulax
interest,

The present results were obtained by two ap-
proximations, The most accurate is to solve the
MC-SCF equations. ® Initial orbital guesses for the
calculation of all states was obtained by solving
for the HF molecular orbitals for the *A, state.
This HF configuration is formally correct asymp-
totically since it represents the maximum spin and
angular momentum possible from this asymptote.
Only three grand iterations were then necessary to
converge for all states to internuclear distances
as short as 3.0 a.u., This technique permits a
relatively quick investigation of a large number of
states at moderately large internuclear distances.

Table IV lists all the configurations mixed ir both
the OVC and PNO-CI calculation. The linear
combination of configurations that yield formally
correct asymptotic behavior to O"(2P)+O(FP) are
given in Table V,

For a number of states there are additional
valence-shell configurations arising from O(lD),
for example, which can mix at shorter distances.
These configurations can be considered to fall into
two categories: The first include those which have
the same orbital occupancy as a configuration re-
quired asymptotically. Such configurations can be
important at shorter distances which implies a sub-
stantial recoupling of the angular momentum of the
combining atoms. The second type of configuration
involves double electron excitations from the
dominant asymptotic configurations and can be con-
sidered to effect a minor charge redistribution
within the valence shell, The energy lowering due
to the latter configurations is minor,

The additional correlation configurations become
increasingly important as the equilibrium inter-
nuclear distance of the ground state is approached.
As individual states are discussed the effects of
autodetachment will be noted briefly. For the rela-
tive behavior of the excited ions at distances great-
er than 3,0 a. u., only the valence-shell configura-
tion mixing will be reported in this study. Con-
sideration of correlation effects for the *z; and the
211, excited states will be considered later.

The energies are given in Tables VI and VII as a
function of the internuclear distance. Excited-state
energies are given where more than one state of a
given symmetry goes asymptotically to the same
atoms. These energies are merely the second root
of the final secular equation; the molecular orbitals
and mixing coefficients were not optimized for the
excited state, However, in the case of the excited
22;, the excited state was optimized since this state
goes to O(*D)+0"CGP). The accurate MC-SCF en-
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TABLE IV. Configurations of valence states. Inthis Table
oand ¢’ canrepresent both the 30, and 30, molecule orbitals.
Similarly, 7 and 7’ can represent both the 1m, and 1,
molecular orbitals. The configuration descriptions are
then representative of both the gerade and ungerade states
for a given S, A, and Kronig symmetry. The core
10210% 207 202 is understood for all configurations. Sym-
metry designations in square brackets [] refer to the
coupling of the partially occupied orbital to its left and
the designations in parentheses ( ) refer to the coupling
of the two open-shell orbitals to its immediate left. Over-
all coupling is given in the column designated “state”.

Configuration Occupancy molecular orbitals
State no. o o’ T i
A 1 2 1 3 3
Bt 1 11 4 3
2 2 2 3 2
izt 1 2 1 3 3
o 1 2 1 4 2
2 1 2 3 3
3 2 1 2 4
A 1 2 1 4 2P
2 2 1 2Bz1 4
3 1 2 3¢r) 3
4 1 2 sim 3
it 1 2 0 4 3
2 0o 2 4 3
3 1 16z 3 4
4 1 1(zy 3 4
5 2 2 4 1
6 2 2 2[l=*1 3
7 2 2 2Pz"1 3
8 2 2 20la] 3
25* 1 2 1 4 2[1z*]
2 2 1 2[lz*1 4
3 0o 1 4 4
4 1 2 3Cm 3
5 1 2 3l 3
3= 1 2 1 3G 3
2 2 1 3n 3
3 1 2 4 2Pz"]
4 1 2 2Pz1 4

ergy curves are given in Fig. 2 relative to an ‘
asymptote of — 149, 521 a.u. which is within +0.0015
a.u. of the calculated asymptote for the different
states. At least ten of the negative-ion states are
bound. The list includes *A,, *I,, =}, *Z;, 24,
’n,, °m,, 2z;, and ®z;. In addition, the *Z; and *II,
states may be slightly bound at very large distances
while the 25} and %A, states are metastable with
appreciable barriers at large distances. The mini- '
ma occur in regions well away from the neutral ‘
ground states and such states are not complicated
by the possibility of autodetachment in the neighbor-
hood of the equilibrium internuclear separation.

At shorter distances the left-hand portion of the
energy curves are rapidly rising for all states but

TABLE V. Asymptotic configuration description of

o (p) +0¢p).
Configuration coefficient

State 1 2 3 4 5 6 7 8

A 1.0

‘na) 1.0

1(2) 1.0

ol 1.0

2 INT -1/VZ

‘sm(2) 1/2 1Nz 1/2

LN V378 -V3/8 -1/4 -v3/4

(1) V378 -—V378 1/2

1 (2) —V378 V374 —-1/4 V378

2zt -1/4 -=V374 -V378 378

25-(1) 3/4 V374 -1/2/2  1/242

z7(2) 1/2v2 V378 1/2 1/2

the X?Il,, of course, and the *T;, 22}, and 2II,

states. It would seem that only these four states

can play a role at distances shorter than 3.0 a.u.
III. DISCUSSION OF RESULTS.

In the region of 3.0-6.0 a.u. the long-range
quadrupole and quadrupole-quadrupole interactions

6 T T
4H9(I) 411, (2)
Zsg @)\
5 o @ 7
21, ()
u 2
Tl4(2)
M) 4, 7
3 —
ZAg
2 4m
S
2k 2sm
>
2 25y
= 25
w o} 25+
2p,
I 2m,m
4z,
_2 — —
._.3 — -
-4+ -
2
1 1 Il
3 4 5 6

INTERNUCLEAR SEPARATION (a.u.)

FIG. 2. MC-SCF energy curves for all states of O,
that correlate with the O"(*P) and OCP) asymptote, All
curves were drawn relative to a common asymptotic
energy of —149.521 a.u. Note that the 2} curve exhibits
a curve crossing near 3 a.u. due to an energy curve at-
tractive relative to the O"(®P) and O(!D) asymptote.
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are already overwhelmed by the exchange coupling
and the overlapping of the atoms, This is best
seen by noting the predictions of the long-range
ion-quadrupole plus ion-induced dipole potential,
The interaction energy is given by

AE=- Q/2R®- a/2R*,

Limiting values of o and @ for the °I and ®s~ com-
ponents of the O(®P) state have been obtained re-
cently.'” o and @ are 4.50 and — 0,90 a.u. for °II

and 5.05 and 1.83 a.u. for ®°, This results in the

following predictions for O"(2P) interacting with
oep):
e’n=2*", =7, A,, (repulsive),

TABLE VI. MC-SCF energy curves: STF Oy .

—E=149 +a.u.
R

State 3.0 4.0 5.0 6.0

o 0.5075 0.5752  0.5577 0.5403 B
‘A, 0.1342  0.4135 0.4833 0.5063 R
M,(1) 0.3094 0.4850 0.5142 0.5205 R ?
M (2) 0.1666  0.4393 0.5065 R
m,(1) 0.4414 0.5817 0.5312 0.5266 B
m,(2) 0.2985  0.4856 0.512¢ R
=} 0.5049  0.5743  0.5574 0.5402 B
M 0.1316  0.4126  0.4829 0.5062 R
i5;(1)  0.3799  0.5069 0.5202 0.5224 B?
5720 0.1275 0.4946 R
(1) 0.5789  0.5910 0.5613 0.5412 B
23(2)  0.2753  0.4656 0.4974 0.5037 R
2, 0.4375  0.5203  0.5171 0.5164 M
A, 0.5357 0.5666 0.5472 0,5331 B
fM(1) 0.6713  0.5937 0.5458 0.5284 B
M (2) 0.2686 0.4706  0.5027 R
m,1) 0.5604 0.5621 0.5359 0.5251 B
,(2) 0.3484  0.4556  0.4945 R
25}(1)  0.5042  0.5191 0.5166 0.5163 M
’zg(2) 0.4336  0.5034 0.4736  0.4595 B[O('D)]
oo 0.5214 0.5628 0.5464 0.5329 B
Zz;(1) 0.4885 0.5605 0.5469 0.5332 B
5z(2)  0.3223 0.4996 R
Ipy(1)  0.5111  0.5406 0.5247 0.5172 B
257(2)  0.2633 0.4998 R

3The designations B, R, M identify the state as bound,
repulsive, or metastable with respect to the asymptote.
The long-range character, i.e., beyond 6 a.u., of the
energy curves is not considered in these designations.

TABLE VII. PNO-CI energy curves: GTF O, .

—-E=149 +a,u.
R

State 3.0 3.5 4.0 5.0

a, 0.4754  0.5370 0.5468 0.5315 B
‘A, 0.0739  0.2895 0.3798 0.4489 R
M,(1) 0.2503 0.3846 0.4412 0.4764 R
My(2) 0.1167 0.3282  0.4092 0.4630 R
m,(1) 0.3963 0.4754  0.4999 0.5043 R
m,(2) 0.2633  0.4202 0.4686 0.4911 R
iy 0.4726  0.5353  0.5457 0.5311 B
= 0.0711  0.2878  0.3787  0.4485 R
i55(1) 0.4432 0.5131 0.5289 0.5216 B
732 0.3871  0.4470 R
4p.(1)  0.5515 0.5769 0.5685 0.5393 B
$.2) 0.2367 0.3822 0.4397 0.4738 R
28, 0.4006  0.4733  0.4910 0.4899 R
2a, 0.5059  0.5415  0.5407 0.5218 B
fM,(1) 0.6328 0.5883  0.5593 0.5188 B
M(2) 0.2617 0.3878  0.4252 0.4443 R
m,a) 0.5161 0.5265 0.5256 0.5078 B
M2 0.3187 0.4065 0.4369 0.4531 R
I33(1)  0.4662  0.4713  0.4893  0.4889 M
%53(2)  0.3973  0.4665 0.4661  0.4494 B[O'D]
M 0.4983  0.5419  0.5475 0.5349 B
’5a(1) 0.4544 0.5196 0.5321 0.5211 B
257(2) 0.4615 0.4819 R
’g3(1)  0.4727  0.5106  0.5096  0.5097 B
223(2) 0.4574  0.4778 R

25 = 241 (repulsive),

&y U

Me’s ™= 241 (attractive),

£
2ot dxTu By, (attractive).

Clearly the *A, and T} states, as an example, are
bound. The prediction can hold only at distances
very much greater than 6.0 a, u.

The CI description of these excited states and the
significance of the states is best obtained by an
analysis of the individual states; the states cannot
be lumped together for such an analysis. Only a
few states warrant such an analysis, and we have
chosen the X?1I,, *=;, %I, 24, *A,, 2Z;, and 23}
states.

X Tl State

Only three configurations are required to obtain
formally correct dissociation of the ?II, state.

|~3
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However, the orbitals are not optimum for both
neutral atom and ion, and the asymptotic energy
that is approached is well above the HF energy'® of
the asymptote O(*P)+0"(3P). The asymptotic base
configurations are the largest components of the
wave function at R=6 a.u., but the coefficient for
the fourth configuration is already 0.14. Among
the valence configurations the first four configura-
tions are the most important over the range of
distances studied.

The energy improvements obtained by adding the
fourth configuration to the base configurations is
0.0031, 0.0133, 0.0368, and 0.04518 a.u, for 6,

5, 4, and 3 a,u., respectively, in the MC-SCF
results. The configurations’s increasing importance
reflects the uncoupling of the atomic electrons on
the neutral atom or the increasing importance of
atom configurations coupled 'D. The configurations
that asymptotically describe the 2[1,(2) state that
correlated with the O"(P) + OCP) asymptote, do not
mix significantly at any distance with the base for
21,(1) or with the fourth configuration. There is

no valence mixing which will lead to an attractive
excited state of %I, symmetry.

The PNO-GTF results yield results that are
similar but energetically inferior to the MC-SCF-
STF values as expected. The relative weights of
the configurations are quite comparable as can be
seen by comparison from the coefficients for the
important four configurations at 5.0 and 3.0, re-
spectively. The values for the MC-SCF calculation
for R=5.0 and 3.0, respectively, are 0, 826,

- 0.394, 0.302, and 0,239 and 0.954, - 0,172,
0.054, and 0. 233, while for the PNO calculation
they are 0.837, - 0.390, 0.282, and 0. 247 and
0.900, - 0.275, 0.143, and 0.295, The differences
cannot be easily analyzed and since the MC-SCF
results are generally superior, they will be dis-
cussed alone,

4% . States

As in the case of the ground state the configura-
tions for the two ‘T states at 6 a.u. are already
significantly perturbed from the base configuration
coefficients. This observation is in accord with
the lack of correlation of the calculated energies of
all the negative-ion states with the predictions of
long-range perturbation theory. For all the excited
states the calculations reported here represent the
intermediate and equilibrium range of distances.
The coefficients of the base configurations are
recognizable at 6,0 a,u., but there are always sub-
stantial differences from the asymptotic values.

The minimum for this state is in the neighborhood
of 3.5 a.u., but even at 3.0 a.u. the coefficients of
the three valence configurations are 0.939, 0,187,
and — 0.303. The excited states of O, are stable
at large internuclear separation and, primarily due

to the necessity of a MC description required for
formally correct dissociation, the states themselves
must be described by a number of configurations.
The results for the *Z; state are true for all the
negative-ion states that require a MC description
asymptotically.

The configurations required in addition to the
first dominant HF configurations have increased
30, occupancyfor configuration 2 and increased 1m,
occupancy for configuration 3. Since the antibond-
ing characteristics of these orbitals are reduced
with increasing atomic separation, their importance
at these distances should occasion no surprise.
Even more significantly the occupancy of the 3¢,
orbital is now slightly greater than one which helps
to keep the orbital from getting diffuse. Even at
3 a.u, the 3¢, orbital shows little tendency toward
diffuseness; at these distances it can be described
in united atom terms as a promoted 4 fo or 4po but
still compressed within the HF molecular size and
acting as a correlation orbital. Since the neutral
32; HF configuration of O, is not lower in energy
than this state for the same basis set, it is not
possible to have a solution for which HF configura-
tion has a coefficient of 1.0 and the 3¢, molecular
orbital is determined to be a constant., Therefore,
the MC-SCF results at the distances considered do
not have tendencies toward such an autodetached
solution since the coefficients for functions with
the smallest exponents do not dominate the 3o, or-
bital. At shorter internuclear separation the HF
function will increasingly dominate, and the inclu-
sion of diffuse trial functions will lead to a neutral
molecule and a constant 3¢,. Autodetachment would
lead to an enhancement of excited vibrational ener-
gy levels of the ground state at the energy of the
resonance as recently proposed by Hasted'® and ob-
served by Trajmar et al.?

211, State

The 211, excited state has the same correlation
behavior as the X?II, state. The relative bonding
behavior of the HF configuration 1 essentially de-
termines the excitation energy of the 2II, relative
to X 2l'I‘,. Since the HF configuration is relatively
higher in energy the singlet-coupled split-shell
excitation determined by configuration 4 is relative-
ly more important for the 2IT,(1) state than for
X%I,. Infact all the valence-correlating configura-
tions have larger coefficients for 2l'I,,(l) as com-
pared with X211,

The equilibrium internuclear separation for the
®11, state is between 3 and 3.5 a.u., where the HF
configuration has a coefficient greater than 0. 9.
Relative to the neutral HF ground state X °%; the
HF configuration for 2Hu(l) is obtained by excitation
of 17i17® = 173177 with subsequent attachment to the
1m, orbital of the excited configuration. Since the
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attached electron has significant bonding proper-
ties, this valence-type Feshbach negative-ion
resonance state does not have an energy curve
similar to its parent, as is the case of Rydberg at-
tachment states.?' At internuclear separations
greater than 3 a.u. the stability of the valence-
type Feshbach state is in part due to the large af-
finity of the oxygen atom. This state is weakly
bound and its asymptote is well below the respec-
tive neutral asymptote, The excitation energy be-
tween the equilibrium positions of the X zl'Ig state, de-
fined by a linear combination of valence states and
a similarly described 2I1,(1) state, is about 3.8 eV.
This would be in reasonable agreement with the
short-wavelength limit of the single progression
observed by Rolfe*'® at about 3. 65 eV, Extrapola-
tion of the 2M,(1) energy curve to shorter distances
shows that this state, the 23} state, and the *z;(1)
state are the only ones for which the left-hand lines
intersect the Franck—-Condon region of the v=0
vibration of the neutral ground state. Electron at-
tachment with dissociation has been assigned to a
®l, state from the observed angular distribution of
the fragments®; the energy curve for this state is
at the required energy, as has been long antici-
pated.®® As Hasted' has noted, decay from this
resonance state can also yield excitation of a vibra-
tionally excited 32); state and the electronically ex-
cited 'a, and 'z} states.

The X211, to X ?II, transition of O,” may also be
related to the transition near 2000 A observed in
HO,.% The geometry of the ground state of HO, is
found® to be consistent with interpreting the elec-
tronic structure as H*0,”, Since the %II, state dis-
sociates to O™+ O it is a strong presumption that
the analogous transition in HO, yields OH and O
products.

Ay, 22, , 22 States

There are two obvious groups of relatively low-
lying excited states to be considered in addition to
the *=; and 2M,. The first set arises from different
couplings of the molecular orbitals occupied identi-
cally to the HF configuration of the *=;. This would
include %4, 2z;, and ?z} states. The second set
corresponds to attachment of an electron to the 3g,
orbital subsequent to excitationof the 17, electron to
the 17, orbital. Out of this set we will consider the
23, 2A,, %3;, and %T} states below.

The %4,, 22;, and %3} states have equilibrium in-
ternuclear separations between 3.5 and 4.0 a. u.
All states show strong mixing between the HF con-
figuration and the configuration with IT% II; occupan-
cy. It is this mixing which determines that the
state is below the 2Z; state and almost as low in
energy as the 2A, state. There is also appreciable
mixing in all three states of the 3¢,17°(*r)17% con-
figuration as well as considerable persistence of

the asymptotic configurations into relatively short
distances,

455, 20, *3;, 225 States

The 42); state is determined by only one configura-
tion as are the *A states for which the spin and
angular momentum are maximum. Such states are
very useful to generate bases for input to the MC-
SCF as long as the physical interaction does not
distort these systems too much relative to the other
states, At large distances there is little difference
in orbitals which simply reconstruct distorted
atoms; for these ions the *A, is bound and again
the orbitals are useful representatives of the bound
valence states.

The *Z} and *A, differ only in a small-exchange
integral and the energy curves are essentially
congruent, These quartet states have the second
and third largest T, values but both are rising
rapidly as the R, of the neutral state is approached.

The dominant HF configurations of the 2A, state
are the third and fourth in Table IV, since the 30,
orbital is very antibonding. This is true for the
23, state as well, Again no sc dominates at R=4.0
a.u. At shorter distances these states are very
high in energy relative to the dissociative asymptote
and will not play any role in the absorption or as-
sociative dissociation processes of interest.

The 22:, states are also relatively high in energy,
which shows the importance of a CI description. As
noted earlier the third %} configuration is ap-:
parently one of the low-lying excited states in the
HF approximation., However, that configuration
turns out to be the dominant one for the second root
of the secular equation at internuclear separations
greater than 4 a. u. ; this state correlates with
0°GP)+0O('D). However, at 3.0 a.u. the levels
have switched and the adiabatic energy curve is
distorted in this region. The 2Z}(1) curve is trend-
ing toward lower energies at distances shorter than
3 a.u. From Fig. 2 the 2Z):',(l) energy curve would
extrapolate to the third highest excited state after
the *=; and %11, states. Dissociation from this state
would require, however, a curve crossing and the
state should not be important in excitation process-
es,

IV. CONCLUSION

Configuration-interaction calculations that provide
for formally correct dissociation have revealed a
number of bound states of O,". All of the excited
states are found to have equilibrium internuclear
separations at least 1 a.u. larger than the ground
state. This results necessarily from the anti-
bonding excited valence molecular orbitals required
to construct the negative-ion configurations. None-
theless, in addition to the X 2IIA, ground state, there
are two states that probably play a role in low-
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energy (ca. 4-5 eV) resonance attachment to the
ground state. They are the *%; and 2II, states which
can be characterized, respectively, as shape and
valence Feshbach resonances., Since the valence
excited orbitals are quite antibonding, the %I, reso-
nance-state energy curve is not similar to any of
the energy curves of the parent molecular-orbital
configuration 173173, We would certainly expect
analogous molecular ion states for other diatomic
molecules both homonuclear and heteronuclear in-
cluding molecules such as N,2* and CO, even though

these molecules do not have bound negative-ion
states with respect to the neutral ground state,

The calculation of these excited ion states can be
done relatively simply with valence configurations
mixed in the MC-SCF method. As noted earlier,
correlation effects should become more important
at shorter internuclear separations. But the ion~
multipole, multipole-multipole, exchange coupling,
and charge-transfer effects are already included at
the OVC level and these effects dominate the inter-
mediate range where these states are bound,
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