
PHYSICAL REVIEW A VOLUME 40, NUMBER 7

Forbidden electron attachment in Oz

OCTOBER 1, 1989

Hideo Sambe and David E. Ramaker
Department of Chemistry, George Washington Uniuersity, Washington, D.C. 20052

(Received 6 October 1988)

The electron-stimulated 0 desorption yield from condensed 02 exhibits three peaks around 7,
8.5, and 13 eV, while that from 02 gas shows only the 7-eV peak. The 7-eV peak is known to arise

from the Oz (1m„'ling) H„compound state. In this paper the 8.5- and 13-eV peaks are shown to
arise from the 0& (30.

g l~g) Xg and 02 (20.„'l~g) X+„compound states, respectively. The ab-

sence of the 8.5- and 13-eV peaks in the gas-phase spectrum presents the first experimental evidence

for a forbidden electron attachment, which is due to the cr selection rule [H. Sambe and D. E.
Ramaker, Chetn. Phys. Lett. 139, 386 (1987)].

I. INTRODUCTION

In collisions of electrons with molecules, an electron
may attach to a molecule, forming a temporary negative
ion or a negative compound state. The production of this
compound state is governed by certain selection rules.
The selection rules are the following: (1) An allowed
compound state must have either iS —

—,
'

~

or iS+ —,
'

~

total

spin, when the target molecule has total spin S; (2) it
should have an electronic configuration that differs by
less than three-electron excitations with respect to the in-
itial state (i.e. , the target molecule plus an incident elec-
tron), and (3) it must not have X (X+) symmetry, if the
target molecule is linear and has X+ (X ) symmetry.
When any of the three rules is not satisfied, we use the
term "forbidden electron attachment" by analogy with
forbidden optical transitions. The last selection rule (3),
which is similar to earlier selection rules by Cartwright
et al. ' and Dunn but not identical, has been presented
just recently and called the o selection rule.

Compound states which are forbidden in the gas phase
may not be forbidden in the solid phase because of distor-
tion of the local symmetry. Although the selection rules
involving spin symmetry and number of electron excita-
tions may persist in the solid phase, the rule involving cy-
lindrical symmetry of linear molecules (or the tJ selec-
tion rule) may relax in the solid phase. In fact, this
breakdown of cylindrical symmetry has been clearly ob-

served in optical transitions. In this paper, we study 02
molecular systems in the gas and solid phases and identi-
fy, for the first time, the compound states which are for-
bidden by the 0. selection rule.

In Sec. II, we analyze some experimental data previ-
ously published in the literature. Our findings are sum-
marized in Table I. In Sec. III, various properties of the
lower-lying 02 compound states are predicted utilizing
empirical methods. These properties are summarized in
Table II. In Sec. IV, we identify the forbidden compound
states by comparing experimental (Table I) and theoreti-
cal (Table II) results. Finally in Sec. V, we review previ-
ous work.

II. EXPERIMENTAL RESULTS

A. Energy dependence of the O yields

Figure 1 shows electron-stimulated 0 desorption
yields from various samples (O~/W, Oz/Pt, and Oz gas) as
a function of the incident electron energy. These 0
yield curves are reproduced from figures previously pub-
lished in the literature. The relative magnitudes of
these curves do not represent the actual relative 0
yields. For example, the 0 yield from 02 gas (dotted
curve ) is arbitrarily normalized to the peak of the Oz/Pt
curve for comparison. For the 02/W data, a polycrys-
talline W ribbon was dosed with 10 L (Langmuirs, 1

TABLE I. Summary of experimental findings on the 7-, 8.5-, and 13-eV Oz compound states.

State

7 eV
8.5 eV
13 eV

Vertical
energy
(eV)'

6.7
8—9
13

0 yield
from 02

gas

Large
Negligible
Negligible

0 yield
from 02

solid

Large
Large
Large

FWHM
(eV)'

2.0+0.2
2.2+0.3
2.1+0.4

Dissociation
limit

1c

1

2

'From the 0, ground state to peak positions in the 0 yield curves.
Widths observed in the ion-yield curves.

'1 and 2 denote the lowest and the second lowest 0+0 dissociation limits.
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TABLE II. Properties of the lower-lying 02 valence states.

Vertical
Electronic

configuration

1m.
g

lm „'1+

2cr „'lm
3CT „

1m „1~g3o.„

30'g 1Kg 30'g

Symmetry

Hg(E)
'rr„(I)
'X+(I)
'X+(II)
4y —

(I)
26„(I)
'&„+(I)
X„(I)

4@+
g4y-
g

4g

Xg+(II)
2g
2Q

'rr„
H„

energy
(eV)

0.21
7.8+0.2
8.1+0.9

14.3+0.9
9.5+0.3

10.7+0.5
11.5+0.5
11.9+0.4

(17.5+ 1.0)'

(18.1+1.0)'

Electron
attachment

A(1)
A(2)
F

A(1)
A(2)
F
A(1)

A(2)
A(2)

A(2)
A(2)
A(2)
A(2)

68'(R, )

(eV)

0.31
1.8

(0.4)
(0.1)
9.6
9.8

10.0
12.0

(10.0)

(10.0)

AR„
(A)

0.04
0.18
(0.04)
(0.01)
0.39
0.39
0.40
0.59

(0.4)

(0.4)

Width
(eV)

1.2
3.0

(2.4)
(2.2)
4.3
(4.4)
(4.4)
4.5

(6.3)

(5.7)

Dissociation
limit

1

1

1

2
1

1

1

1

1

1

1

2
1

1,2
1

1,2

'Configuration center.
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L=10 Torr sec) of 02 at room temperature. All three
02/Pt samples ' were prepared by condensing 02 gas on
a polycrystalline Pt ribbon at 20 K with a constant Oz
dosage. The estimated 02 film thickness is 3 monolayers
(ML) for all three Pt samples. Two of the three curves
for 02/Pt are measured with retarding potentials
(V& = —1.5 and —1.8 eV) against the outgoing 0 ions.
The VR = —1.8 eV retarding potential, for example,
discriminates 0 ions whose kinetic energies outside the
condensed film are less than 1.8 eV. The shaded area
shows our estimated contribution due to the direct pro-
cess, which we shall discuss later. Figure 2 shows the
OH yield from C6H&4(1 ML)/02(3 ML)/Pt and the
Oz. O and 02 yields from the (02)„cluster. These
curves are reproduced from Refs. 8 and 9, respectively.
The 0 yield from Oz gas (dotted curve) is shown again
for comparison.

The O ions from O2 are generated by the reaction

e +Oz~O2 ~O+0
so that maxima in the 0 yield curve reflect the positions
of Oz compound states. The OH yields from
C„H2„+2/Oz also reflect the positions of 02 compound
states, because the OH ions are generated by two steps;
namely, reaction (1) followed by

O +C H2 +2~OH +C H2

FICx. 1. Previously reported electron stimulated 0 desorp-
tion yields from 0,/W (Ref. 6), 02/Pt (Refs. 7 and 8), and 02
gas (Ref. 5) are plotted as a function of the incident electron en-

ergy. V& denotes the retarding potential applied to the out-
going 0 ions. The shaded area shows our estimated contribu-
tion due to the direct process. The vertical dot-dashed lines in-
dicate the probable peak positions of the involved 02 com-
pound states.

according to Sanche and Parenteau. Similarly, 02.O
and Oz ions from Oz clusters are generated via the ini-
tial step

e +(02)„~(0~)„,02 (3)

Therefore, the 02 0 and 02 yield curves also reflect
the positions of O2 compound states.
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Figures 1 and 2 exhibit three peaks around 7, 8.5, and
13 eV as indicated in the two figures. The 8.5-eV peak in
(Oz)„curves (Fig. 2) has been interpreted as a shift of the
7-eV state due to the polarization of the (Oz)„cluster.
Also the 8.5-eV peak in 02/Pt curves (Fig. 1) was not as-
cribed to another compound state. In this work, we at-
tribute the 8.5-eV peak to another 02 compound state,
based on the following four reasons: (1) Any polarization
of the (Oz)„clusters should shift the 7-eV peak to lower
energy, contrary to that observed. (2) The peak position
of the 8.5-eV feature does not shift to higher energy,
when the retarding potential is increased from —1.5 to—1.8 eV. In addition, there is an indication of a shoul-
der around 7 eV in the 02/Pt (Vz = —l. 5 eV) curve, sug-
gesting that the 7-eV peak has not been shifted. (3) All
ion-yield curves measured without retarding potentials,
except the 0 yield curve from gaseous Oz, indicate the
presence of the 8.5-eV feature. In fact, the 8.5-eV feature
dominates in the 02 -(Oz)„curve of Fig. 2. (4) Theory
predicts three 02 compound states in the energy range
from 7 to 15 eV, which can dissociate into an 0+0
limit. To sum up, the 7-, 8.5-, and 13-eV features we be-
lieve to arise from three different 02 compound states.

As seen in Figs. 1 and 2, the relative intensities of the
three features depend strongly on the structure of the
sample (such as the 02 layer thickness, substrate, and
cluster size), the detected ions (0, 02, 02 0, or
OH ), and the detection angle of the ions. However, to

establish the nature of the forbidden electron attachment,
analysis of these intensities is not essential. The only fact
which is used in this work is that both the 8.5- and 13-eV
features are absent (or negligible relative to the 7-eV
feature) in the 0 yield curve of gaseous 02 (see Figs. 1

and 2).

B. 0 kinetic-energy distributions

Figure 3 shows the kinetic-energy distributions of the
0 ions from Oz(3 ML)/Pt measured at various incident
electron energies (E, =5.7, 7.7, 12, and 13 eV). These
data were obtained by Azria et al. with an electron-
energy resolution of 0.3 eV and an ion-energy resolution
of 0.5 eV. The relative 0 kinetic energy (E„,~) (the abso-
lute scale of the 0 kinetic energy was not determined) is
measured with respect to the peak energy of the E, =5.7
eV curve. The three symbols with horizontal bars (closed
and open circles and open triangle) indicate three
different contributions, which will be described later.
The horizontal bar with a symbol indicates the possible
range of the peak position for each contribution. In Fig.
4, these peak-position ranges are plotted as a function of

)
I I I I

i
I I I I
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FIG. 2. Previously reported electron stimulated negative ion
(0, 02 0,02, or OH ) desorption yields from 02 gas (Ref.
5), (02)„clusters (Ref. 9), or C6H14/02/Pt (Ref. 8). The nega-
tive ion yields are plotted as a function of the incident electron
energy. The vertical dot-dashed lines indicate the probable
peak positions of the involved 02 compound states.

I i I i I i I ~ I

0 1 2 3 4 5
RELATIVE 0 ENERGY (eV)

FIG. 3. Kinetic-energy distributions of the 0 ions from
Oz(3 ML)/Pt (Ref. 7), which are measured at various incident
electron energies, E; =5.7, 7.7, 12, and 13 eV. The ion energy is
referred to the maximum in the distribution with E; =5.7 eV.
Symbols (closed and open circles and open triangles) indicate
three different contributions. The horizontal bar indicates the
possible range of peak position for each contribution.
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FIG. 4. The peak positions of the three contributions shown
in Fig. 3 are plotted as a function of the incident electron ener-

gy E;. The broken straight lines indicate E„& given by Eq. (4).
The Ed values denote the possible 0+0 dissociation limits.

the incident electron energy E, . The broken straight lines
are given by the equation

E„,=(E; Ed )/2 —1.03 —(eV), (4)

where Ed is the relevant 0+0 dissociation limit mea-
sured from the 02 ground state (U =0). The Ed=3.65,
5.62, and 7.84 eV correspond to the lowest three dissocia-
tion limits, 0( P)+0 ( P), 0('D)+0 ( P), and
0('S)+0 ( P), respectively. The 0 kinetic energy
(E», ) from Oz gas is given by

E,b, =(E, Ed )/2, — (5)

where E, and Ed have the same meanings of those of Eq.
(4). The constant shift (1.03 eV) of E„, with respect to
E,b, arises from the artificial choice of the zero of energy
for E„, (i.e., E„,=0 for E, =5.7 eV and Ed =3.65 eV).

As seen in Fig. 4, the features denoted by closed circles
fit well on the straight line with Ed=3.65 eV, indicating
that they arise from the process

e +02( X )~02 ~0( P)+0 ( P) . (6)

e +02( X )~0~ ~O('D)+0 ( P) . (7)

On the other hand, the features with open triangles do
not fit on any of the lines. These features have been pre-
viously ascribed to the multiple scattering process, that
1s)

e +02( Xs )~02'+e
followed by

(8)

Similarly, the features with open circles fit well on the
line with Ed =5.62 eV, indicating that they arise from the
process,

e +02('Xs )~0~ ~0('P)+0 ( P) .

The above analysis supports this interpretation. A good
fit to theory for the closed and open circles suggests that
no significant amount of momentum is transferred to the
02 lattice when the 0 desorbs from the surface. A simi-
lar conclusion was reached in the study of Cl desorption
from condensed Clz. '

The 0 kinetic-energy distributions (Fig. 3) give infor-
mation on the dissociation limits of the three Oz com-
pound states. The curves at E; =12 and 13 eV show that
the 13-eV compound state dissociates into the lowest two
limits and the probability for dissociation into the second
lowest limit is larger than that into the first. The E, =7.7
eV curve shows that the 7-eV compound state dissociates
only into the lowest limit. The dissociation limits of the
8.5-eV compound state cannot be obtained directly from
Fig. 3; however, it can be deduced by the following argu-
ment. The 7-eV compound state yields predominantly
1.7-eV [=(7.0 —3.65)/2] 0 ions, provided that the
momentum transfer to the 02 lattice is negligible. The
retarding potential VR = —1.8 eV is strong enough to
discriminate such low-energy ions, and indeed the 7-eV
peak disappears in the Vz = —1.8 eV curve (see Fig. 1).
Similarly, if the 8.5-eV compound state predominantly
dissociates into the second lowest limit, the dominant 0
kinetic energy would be 1.5 eV [=(8.5 —5.62)/2]. The re-
tarding potential V~ = —1.8 eV should discriminate such
low-energy 0 ions. The presence of the 8.5-eV peak in
the Vz = —l. 8 eV curve (Fig. 1), therefore, indicates that
the 8.5-eV compound state predominantly dissociates
into the lowest limit.

C. Widths

The widths of the 8.5- and 13-eV features can be es-
timated from the curves in Figs. 1 and 2. From the
02/Pt (V~ = —1.5 and —1.8 eV) curves in Fig. 1, we esti-
mate the full width at half-maximum (FWHM) for the
8.5- and 13-eV features to be 2.3+0.4 and 2.1+0.4 eV, re-
spectively. In these estimates, the energy spread of the
electron beam (0.3 eV) has been taken into account.
From the 8.5-eV feature in the 02 /(02)„curve and the
13-eV feature in the OH /C6H&4/02 curve, we estimate
their FWHM to be 2.2+0.3 and 2.3+0.4 eV, respectively.
The energy spreads of the electron beams in these experi-
ments are 0.5 eV (Ref. 9) and 0.3 eV (Ref. 8), respectively.
The two estimates (i.e. , 2.3 and 2.2 eV for the 8.5-eV
feature and 2. 1 and 2.3 eV for the 13-eV feature) agree
reasonably well.

We can estimate the contribution of a compound state
to the 0 yield curve utilizing its FWHM. The shaded
area in Fig. 1 shows such a contribution estimated with a
FWHM equal to 2. 1 eV and the electron-beam spread
equal to 0.3 eV for the 13-eV feature. Figure 1 indicates
a slowly varying background under the 13-eV feature.
This background is due to multiple-electron scattering
and is expected to vary slowly. We have already seen the
presence of multiple-electron scattering in the O
kinetic-energy distribution (Fig. 3), namely the contribu-
tions marked with open triangles. The multiple-electron
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scattering in Fig. 3 is about 50%%uo at 13 eV, which agrees
with the background contribution (about 50%%uo) at 13 eV
in Fig. 1. This agreement supports the FWHM equal to
2. 1 eV estimate for the width of the 13-eV compound
state.

In conclusion, we estimate the widths of the 8.5- and
13-eV features to be 2.2+0.3 and 2.1+0.4 eV, respective-
ly. The width of the 7-eV feature, which is observed in
the 0 yield curve of 02 gas, is 2.0+0.2 eV (Refs. 5 and
11).

D. Summary

Table I summarizes the observed characteristics of the
7-, 8.5-, and 13-eV compound states. The vertical ener-
gies in the table are measured from the Oz ground state
(U =0) to the peaks observed in the ion-yield curves. The
FWHM's are the widths observed in the ion-yield curves.
The "1"and "2" in the "dissociation limit" column stand
for the lowest and the second lowest 0+0 dissociation
limits. In Sec. IV, we shall identify these compound
states using their characteristics listed here.

III. THEORETICAL ANALYSES

Table II summarizes the predicted properties of the
lower-lying Oz valence states. We explain each proper-
ty in the following subsections.

C. Electron detachment

Rc
crDA(E)=crAT(E)exp —f dR I (R)liiiV(R)

Rz
(10)

where o AT(E) is the cross section for formation of the
02 state, I (R ) is the width of the 02 state with
respect to the autoionization, and V(R) is the relative ve-
locity of the nuclei. The exponential factor in Eq. (10)
represents the probability that the 02 state survives
against the autoionization.

I (R ) for one-electron processes, such as

Figure 5 illustrates a dissociative attachment process
accompanied with autodetachment or autoionization,
also called electron detachment. The 02 state, which is
formed by electron impact of energy E, autoionizes into
an 02 state, when W (R)) W(R) or Rz (R &Rc.
Here, W (R) and W(R) are the potential-energy curves
of the 02 and 02 states, Rz is the turning point of the
W (R) at the energy E, and Rc is the crossing point of
the two potential curves (see Fig. 5). In order to dissoci-
ate into an 0+0 limit, the 02 state must survive
against the above-mentioned autoionization. According
to Bardsley et al. ,

' the dissociative attachment cross
section crD„(E) for the above process is given approxi-
mately by

A. Vertical energies

The 02 valence states are identified by their electron-
ic configurations (EC) and state symmetries. The vertical
energies from the 02 ground state are estimated with
semi-empirical methods, which are described in Appen-
dix A. The EC's listed in Table II are the lowest 7, and
the next lowest EC is located around 24 eV, which is too
high for the 8.5- and 13-eV features. We have excluded
02 Rydberg states, that is, the v 'Ryd states, from our
considerations for the 8.5- and 13-eV compound states,
because Rydberg states are not observed in the condensed
02 (Ref. 12) and probably cannot exist in the solid phase.

is governed by the kinetic energy of the outgoing electron
[b W(R)= W (R) —W(R)] and the asymptotic angular
momentum l of the outgoing electron through the centri-
fugal barrier. For small 58' I is proportional to

0, :W {R)

B. Electron attachment

According to the selection rules described in Sec. I, we
can classify electron attachments into three categories:
allowed with one-electron excitation [A(1)], allowed with
two-electron excitations [A(2)], and forbidden (Fl. The
attachment probability of A(1) excitations is generally
much higher than that of A(2). The classified electron at-
tachments from the Oz ground state ( X ) are listed in
Table II. Although the formation of the b „(3o„) state
appears to be A(1), it is not A(1) but A(2) because the
b, „(3o„) state arises from the lws('bg )3o'„

configuration but the initial state has the lm2( X )e5„
configuration. Here, c.5„represents an incoming electron
orbital of kinetic energy c, and symmetry 5„. All forbid-
den attachments in the table are due to the 0 selection
rule. These X ~X+ forbidden attachments are expect-
ed to relax in the solid phase; the analogous X ~X+ for-
bidden photoabsorption processes are indeed observed in
solid O2.

CA

Q)

CQ

E
0

CL

0+0
0+0-

0, Ground state

RE R

Internuclear distance

FIG. 5. Schematic potential-energy curves illustrating a dis-
sociative attachment process accompanied with autodetach-
ment. E is the energy of the incident electron. RE is the turn-
ing point of potential curve W (R) at the energy E, and Rc is
the crossing point of the two potential curves, W (R ) and
W(R).
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I ~ g Wl +1/2 (12) Wpc=bR (U =0)~dW (R)ldR~~ (13)

for a one-electron process, and, in general, I increases
monotonously with AW. ' For two-electron processes,
on the other hand, I is a slowly varying function of 6 W
and is orders of magnitude smaller than that for one-
electron processes, except for the AW«1 case. Since
the survival factor depends exponentially on I, the sur-
vival factor for one-electron processes is several orders of
magnitude smaller than that for two-electron processes
except again for the 68' && 1 case.

The magnitude for autoionization via one-electron pro-
cesses can be characterized by a pair of parameters,
b W(R, ) and bR„(=RC R, )—, where R, is the equilib-
rium internuclear distance for the 02 ground state. Both
parameters are referred to R, because the initial 02
state is formed with the highest probability at R =R, ac-
cording to the Franck-Condon principle. The larger the
b, W(R, ) and bR„parameters, the smaller the survival
factor. Because of this property, these parameters play
an important role in analyzing data. The b, W(R, ) and
AR„parameters are listed in Table II.

—S(lm„'lvr ), (14)

where S is the slope. The error ranges for the Wzc's (2.4
and 2.2 eV) of the X+(3o. 'lmz) and X„+(2o„'ln )

states may be around +0.4 eV.

where b,R (U =0) is the FWHM of go(R), because
W (R) of a repulsive state is nearly linear over the
Franck-Condon region.

The Wzc's in Table II are estimated from theoretical
calculations in the literature, except for the Wzc of the
II„(1~„'lvr ) state. The Wzc of this state is calculated

from the experimental slope determined by O' Malley. '

The slopes [i.e., dW (R) jdR at R =R, j for the
Ils(lvrs), X„(3o.„), and X„(3cr„)states are calculated

from the multiconfiguration self-consistent field (MCSCF)
results' by quadratic curve fittings. The data in
parentheses are estimated by assuming empirical rela-
tions such as

S(3o 'ln ) —S(ln„'ln)=S'(3o' 'lvr )

D. Franck-Condon widths

The width of the repulsive 02 compound state is
predominantly governed by the Franck-Condon overlap
integral between the U =0 vibrational wave function of
the Oz ground state 1(0(R) and the vibrational wave func-
tion of the repulsive 02 compound state. In the
reflection approximation, ' ' the repulsive wave function
can be replaced by a 6 function which differs from zero
only at the classical turning point. The results obtained
with this replacement deviate only slightly from those ob-
tained with accurate wave functions. ' With this approx-
imation, the Franck-Condon width (W„c) of the repulsive

02 compound states can be given as

E. Dissociation limit

The dissociation limits of the lower-lying 02 valence
states can be determined by the noncrossing rule. The
molecular states resulting from the two lowest dissocia-
tion limits of 0+0, known from Wigner-Witmer
rules, are listed in Table III ~ According to the non-
crossing rule, these molecular states must be connected to
the 02 valence states with the same symmetry without
crossing each other. This implies, for example, that the
lowest X„+ valence state must be connected to the lowest
limit and the second lowest X„+ valence state to the
second lowest limit. Another example, both the lowest

TABLE III. Dissociation limits of the O~ valence states which have the lower energies in the Franck-Condon region. Molecular
states belonging to the dissociation are given in square brackets.

Dissociation
limit

0 ('P„)+Q('P )
[2y+ 2y+
4y+ 4y+

g 7

X„(2), X (2),
X„(2), Xg (2),
H„(2), H (2),
H„(2), H (2),

2Q 2Q

4g 4g ]

Q ( P„)+O('D )

['&„+i&), '&,+(2),

H„(3),'H (3),
'&.(&), '&, (&l]

Symmetry
Electronic

configuration

1'
1vr„'ling
3', '1m,'
3&u

3~u
3~u
3~u

2o.„'1~g
1m „'1~g 3o.„

Vertical
energy (eV)

0.2
7.8
8.1

9.5
10.7
1 1.5
1 1.9

14.3
17
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FIG. 6. Semiquantitative potential-energy curves, which are
based on the data in Table II and the theoretical calculations of
Refs. 21 and 22.

two H valence states must be connected to the lowest
N„valence state to the second lowest limit. Dissocia-

tion limits determined as above are listed in Table II,
where 1 and 2 denote the lowest and the second lowest
dissociation limits, respectively.

Figure 6 shows schematically the potential curves for
some of the 02 valence states. These curves are drawn
based on the data in Table II (such as the vertical energy,
WFc, and dissociation limit) and two theoretical calcula-
tions, ' which were carried out only for large inter-
nuclear distances (R ) 1.6 A). The apparent avoided
curve crossing between the two Xg+ curves arises from
the fact that the lowest Xz+(3o~ 'le~) state at R =R,
goes to the second lowest dissociation limit and the
second lowest X+(lvr„'lm. 3o„) state at R =R, goes to
the lowest dissociation limit, if the configuration interac-
tion was not included. In other words, this curve cross-
ing is inevitable.

IV. IDENTIFICATION OF THE
FORBIDDEN 02 COMPOUND STATES

In this section, we identify the forbidden Oz com-
pound states, namely, the 8.5- and 13-eV compound
states observed in the condensed phase, using Tables I
and II.

A. O& states arising from 3o.„, lm.„'lm.~3o.„,
and 3' g l~g 3o'p

O2 states arising from the 3a„, 1~„'ling 3o.„, and
30 g 1 fag 30 configurations autoionize by detaching the
3o „electron. Among these states, the Oz (3o „)X„state

has the largest electron attachment cross section [since it
is an allowed one-electron excitation and has the higher
multiplicity than the 02 (3o „)X„state]; the largest sur-
vival rate [since it has the smallest b, W(R, ) and bR„pa-
rameters]; and the smallest width (see Table II). In other
words, the 02 (3o „)X„state has the best conditions to
be observed in the 0 yield curve. Therefore, if this state
is not observed, the other states cannot be observed in the
0 yield curve.

The 02 (3o„)X„state dominates in the electron-
impact vibrational excitation spectra over the 7—13 eV
region, indicating a large electron attachment cross sec-
tion. This state, however, does not appear in the 0
yield curve, indicating a negligibly small survival rate.
Therefore, based on the argument given in the previous
paragraph, we conclude that the other states arising from
the 3'„, 1~„'1m 3o.„, and 3o. '1m 3o„configurations
cannot be observed in the 0 yield curve. To sum up, all
the states which autoionize by detaching the 3o.„electron
cannot yield 0 ions, because of their negligibly small
survival rates.

The 8.5- and 13-eV compound states yield 0 ions in
the condensed phase. For assigning these compound
states, we can exclude the 02 states arising from the
30 p 1AT+ 1kg 3a „, and 3o.

g
' 1~g 3o.„configurations, be-

cause they cannot yield 0 ions in both gas and solid
phases and also have the W„c's which are too wide ( ~ 4.3
eV) for the observed linewidths ( ~ 2.2 eV).

B. O& states arising from 1m~, 1~„'lm.~, 3o~ 'le.~,
and 2CT g 17Tg

To assign the 8.5- and 13-eV compound states, we can
exclude the Oz (lm. ) 11 state since this state cannot
produce 0 ions. It cannot produce 0 ions because its
vertical energy (0.21 eV) is much lower than the lowest
0+0 dissociation limit (3.65 eV). We can also exclude
the 02 ( ln„'lm. ) 11„state, since this state yields ample
0 ions in the gas phase and has been assigned to the 7-
eV feature. Consequently, for assigning the 8.5- and 13-
eV compound states, we have only two Oz states left,
the 2X+(3o 'lm. ) and X„(2o.„'le~) states.

Comparing the vertical energies of these two states, we
can assign them for the 8.5- and 13-eV compound states.
This comparison can be done without calculations, be-
cause of the large binding-energy difference between the
2'„and 3o.

g electrons. We can certainly state that the
vertical energy of the X„+(2o„'lm ) state is higher than
that of the Xz (3o~ 'l~ ) state. From this, we identify
the Xz+(3o~ 'lrrz) and X„+(2o.„'lm. ) states as the 8.5-
and 13-eV compound states, respectively. In the follow-
ing section, we confirm these identifications.

C. Con6rmation

Here, we show that the Xz+(3crz ' lmz)
X„+(2o.„'l~z) states have appropriate characteristics of

the 8.5- and 13-eV compound states.
(i) The survival rates of these two states are large

enough to yield measurable 0 ions. We can state this
based on the following argument: The survival rate of
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the II„(le.„'lm ) state must be large enough to yield 0
ions, since this state (i.e., the 7-eV compound state) dom-
inates in the 0 yield curve. The two states have even
larger survival rates than the II„state, because these two
states have smaller hW(R, ) and bR„parameters than
the H„state. Therefore, the survival rates of the two
states must be large enough to yield O ions.

(ii) The observed resonance peak positions [8.5 (+0.5)
and 13 (+1) eV] and their widths [2.2 (+0.3) and 2. 1

(+0.4) eV] of the 8.5- and 13-eV peaks agree well with
theoretical resonance peaks [8.0 (+0.9) and 14.2 (+0.9)
eV] and their widths [2.3 (+0.4) and 2. 1 (+0.4) eV] of the
assigned states. The theoretical resonance peaks and
widths are estimated from the vertical energies and the
Franck-Condon widths listed in Table II, based on the ar-
gument presented in Appendix B.

(iii) The dissociation limits (1 and 2) of the 8.5- and 13-
eV compound states agree with those (1 and 2) of the as-
signed states, respectively (compare Tables I and II).

(iv) The absence of the 8.5- and 13-eV peaks in the 0
yield from the 02 gas are nicely explained by the forbid-
den electron attachment for the assigned states (see Table
II).

Based on these confirmations, we conclude that the
8.5- and 13-eV peaks are due to the Xg+(3o.s 'les) and
X„+(2o„'lm ) resonance states. This identification im-

plies that absence of these peaks in the gas phase is
indeed due to the o. selection rule.

V. PREVIOUS INTERPRETATIONS

The 8.5- and 13-eV features have been interpreted pre-
viously. Xiang and Lichtman, who reported the 0
yield curve from Oz/W (Fig. 1), attributed the 13-eV peak

to the 02 ( 1sr„'l~ ) II„state, or the "7-eV" state,
which was regarded as shifted because of a substrate
effect. They overlooked a weak 8.5-eV feature in their
spectrum. Sanche and co-workers, ' who reported the
three 0 yield curves from 02/Pt (Fig. 1) and the
OH -C6H, 4/Oz/Pt spectrum in Fig. 2, assigned the
02 (3crs 'l~g) X+ state (that is, the "8.5-eV" state) to
the 13-eV feature. Further, the absence of the 13-eV
feature in the gas-phase spectrum was attributed to the
angular dependence rule given by Dunn, rather than to
the o. selection rule. Mark et al. , who reported the
Oz 0 and 02 yields from (Oz)„clusters (Fig. 2), attri-
buted both the 7- and 8.5-eV features to the
Oz ( lvr„'lm ) II„state. Our analyses in this work do
not support any of the above interpretations.
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APPENDIX A: VERTICAL ENERGIES

Here, we estimate the vertical energies of 02 states
using semiempirical methods.

Tables IV, V, and VI list the observed and estimated
vertica1 energies measured from the 02 ground state to
the 02, Oz, and 02 valence states, respectively. The
valence states are identified by their electronic
configurations and state symmetries except for the three
02+( l~„') II„states, which have additional labels, I, II,
or III. When a valence state mixes strongly with Ryd-
berg states, such as the Oz II„(1~„'3o„)valence state

TABLE IV. Observed and estimated vertical energies (eV) of the lower-lying 02 states. Estimated
energies are enclosed in parentheses,

Electronic
configuration

Cxround state

1~„'1n

3o-, '1~,

1~g '3o-„

2o.„'1'
2o-g 'l~g

Configuration
center (eV)

0.60

7.5

8.1

10.6

14.3

28.9+1.0

State
symmetry

Vertical
energy (eV)

0.00
0.98
1.63
5.8
6.0
6.1

8.5
(10.8)
(12.6)

7.7
(9.2)
10.2

(11.9)
14.2

(14.6)
28.5+1.0

(30.0)'

Reference

23
23
23
23,24
23,24

23,24
24
25
25
26
25
27
25
28
25
29

'Estimated from the splitting energies of the 3o.
~ 'ling states.
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30'

2o-„'

20'

12.31
19.2

19.6

25.9

40.0

Hg
4rr„
H „(I)

2(p

'H „(II)
'H „(III)
4y—
2Q

2g
2y+
4y-
2Q

2g+
2g
4y—
2Q

2g
2g+

12.31
16.70
17.73
19.1

(20.8)
24.0
18.17
19.90
20.43

(20.8)
24.58

(26.0)
(26.8)
27.3
38.8

(40.3)
40.8
(41.1)

30
30
30
31
32
30
30
31
30
31
30
31
31
33
34'

34'

'The energy scale is shifted by 0.8 eV to make the first-peak en-

ergy position agree with the accurate energy 12.3 eV.
Estimated from the splitting energies of the 3'~

' states.

with the H„( lm '3po „)Rydberg state, the pure valence
state energy is estimated from analyses presented in the
literature. All the vertical energies listed in the three
tables represent pure valence state energies. The refer-
ences on which the experimental data or analyses are
based are cited in the tables. In these three tables, es-
timated (as opposed to observed) vertical energies are en-
closed in parentheses.

With the unobserved 02+(l~„') H„(II) state, we ex-

ernplify an empirical method used to estimate a vertical
energy. First, we estimate the vertical energy difference
for 02 ( l~„') II„(II)-02+(ln„') II„and .then the vert-

TABLE VI. Observed and estimated vertical energies (eV) of
the lower-lying 02 states. Estimated energies are enclosed in
parentheses.

Electronic Configuration State Vertical
configuration center (eV) symmetry energy (eV) Reference

leg
1m.„'1m'
3u

0.21
7.8+0.2

10.6+0.3

0.21
7.8+0.2
9.5+0.3

(10.7)
(11.5)
(11.9)

35
18'
36

19'

'The uncertainty indicates the sensitivity of the fitting and thus
does not reflect absolute errors.
Estimated from the splitting energies of the 2o.„' states.

'Estimated using the X„—X„energy difference calculated by
MCSCF with 65 configurations.

TABLE V. Observed and estimated vertical energies (eV) of
the lower-lying 0&+ states. Estimated energies are enclosed in

parentheses.

Electronic Configuration State Vertical
configuration center (eV) symmetry energy (eV) Reference

TABLE VII. Relative vertical energies (eV) of states arising
from the electronic configuration O2+(1m„'). The relative ener-
gies are measured from the lowest state 02 (1m„') H„. Ratio is
given by experiment and theory.

State

'Reference 32.

Experiment

0.0
1.0
2.4

7.3

Theory'

0.0
0.9
2.0
3.4
6.1

Ratio

1.1
1.2

1.2

ical energy of the 02+(17r„') II„(II) state. In Table VII,
relative vertical energies of states arising from the elec-
tron configuration 02+(1~„') are listed, where the rela-
tive energies are measured from the lowest state
Oz+( ln„') II„. In the table, "experiment" and "theory"
columns list the observed and calculated relative vertical
energies. Note that the experimental energy for the
Oz+(lvr„') II„(II) state is missing and to be estimated.
The ratios between experimental and theoretical values,
which are listed in the last column, are almost constant.
Our empirical estimate is based on this constancy. As-
suming the missing ratio for the II„(II) state to be 1.2,
we estimate the relative energy for this state to be 4.1

eV ( =3.4 X 1.2). In other words, the vertical ener-

gy difference O~+( lm. „') H„(II)-02+( lm„') lI„ is es-
timated to be 4. 1 eV. With this and the observed vertical
energy 16.70 eV for the Oz+( le.„') II„state, the
02+( 1sr„') II„(II) state energy is estimated to be 20.8 eV
(=16.7+4.1). This estimated energy is listed in Table V
and enclosed in parentheses. The theoretical calculations
utilized are cited in the "reference" columns. When
theoretical calculations are not available, such as for the
2' ' and 2og 17Tg cases, we use the relative energies of
analogous EC's, such as 3o. ' and 3o. '1m, for the
above cases.

The configuration center (CC) of an electronic
configuration (EC) is defined as a weighted average of
state energies arising from the EC. Tables IV, V, and VI
include such CC's, which are calculated from the vertical
energies. The averaged vertical excitation energy
(AVEE) can be calculated from a pair of CC's. For ex-
arnple, the AVEE for the 1~„~1~ excitation can be
calculated from the differences of the following three
pairs: O2+ 1~„' and 17Tg 02 1& 1~g and the ground-
state configuration of Oz, or 02 1~, '

1~g and 1m .
Table VIII compares the AVEE's calculated from the
different pairs of CC's. This comparison clearly shows
that the AVEE's are nearly independent of the molecular
charge. Assuming the charge independence, we can often
predict the CC's of 02 states with an uncertainty of less
than 1 eV.

There are several ways to estimate the unobserved ver-
tical energies of the 02 compound states. For example,
we can estimate the vertical CC of the 3o g

'1mg

configuration from any of the following three equations:
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3cr 'lm —lm (0.2eV)=7. 5 eV,

3o 'ln —lvr„'lm (7.8 eV)=0.6 eV,

3os 'l~ —3o„(10.6 eV)= —2. 5 eV,

(Al)

(A2)

(A3)

W (R)

where the right-hand sides of the above equations are the
AVEE's for 02 listed in Table VIII. Although we could
use the AVEE's for Oz+ instead of 02, we prefer the Oz
data to the 02+ data because the total charge difference
between 02 and 02 is smaller than that between 02+
and 02 . These equations give the 3' '1~ energy as
7.7, 8.4, and 8.1 eV, respectively. Averaging these three,
we estimate the 30. '1~ energy to be 8.1 eV with a
probable uncertainty of +0.9 eV. This and similarly es-
timated vertical energies for the lower-lying Oz valence
states are listed in Table II.

+0(
Ground state

APPENDIX 8: ESTIMATION OF RESONANCE-
PEAK POSITION AND ITS WIDTH

FROM VERTICAL ENERGY
AND FRANCK-CONDON WIDTH

FIG. 7. Schematic diagram illustrating the two effects: the
shift of the O.DA(E) peak position relative to the O.~T(E) peak
and the smaller o.DA(E) width in comparison with the O.AT(E)
width.

Vertical energy and Franck-Condon width may not
agree with a resonance peak and its width observed in the
0 yield curve because of autoionization. Figure 7
schematically shows how autoionization induces this
disagreement. In the figure, the W (R) and W(R)
denotes, as in Fig. 5, the potential-energy curves of the
02 and 02 states, where the 02 state autoionizes into
the 02 state. The electron attachment cross section,
o~T(E), has a peak at a vertical energy because of the
Franck-Condon principle and its width gives the
Franck-Condon width. On the other hand, a resonance
peak and its width in the 0 yield curve are given by a
peak and its width of the dissociative attachment cross
section cr DA(E). According to Eq. (10), the cr AT(E) and
oD~(E) is . related by crDA(E)=crAT(E)SF(E), where
SF(E) denotes the exponential factor in Eq. (10) and
represents the probability that the 02 state survives
against the autoionization. Because of this SF(E) factor,
resonance peaks and widths of o D'(E) and oAT(E) may.
not agree with each other.

The functional form of SF(E) can be deduced from the
expression given in Eq. (10). Namely, the SF(E) is unity

below the E=W' (Rc) and decreases monotonously
with increasing F, where Rc denotes the crossing point
of the W (R) and W(R) curves. [This is because I =0
below the E = W (Rc); the integrand I (R)/RV(R) is al-
ways positive; and the lower integration limit (Rz) de-
creases with increasing E.] From this functional form of
the SF(E), we can conclude that a peak position of the
o D"(E) is lower than that of the cr AT(E), and its width of
the o DA(E) is narrower than that of the o~T(E). Furth-
ermore, we can state that the larger the b W(R, ) and
AR„parameters, the larger the lowering of peak position
and the narrowing of width.

For the Oz (lvr„'lvr ) H„resonance state, the ob-
served peak position (6.7 eV) in the 0 yield curve is
lower than the vertical energy (7.8 eV), and the observed
line width (2.0eV) in the O yield curve is narrower than
the Franck-Condon width (3.0 eV), ' agreeing with the
above predictions. Because the b, W(R, ) and bR„pa-
rameters of this resonance state is large, the shift (1.1eV)
in the peak position and the reduction (1.0 eV) in the

TABLE VIII. Comparison of averaged vertical excitation energies (eV). GSC represents the
ground-state configuration.

Excitation

lm„~ leg

3o.
g ~ leg

leg —+3o „

2o „—+ lug

2o g
~ le'g

6.9
(lm„' —1n. ')

7.3
(3 ' —1 ')

13.6
(2O 1JTg )

27.7
(2~x l~g )

02

6.9
(1& 177g GSC)
7.5
(3og l~g GSC)
10.0
(17Tg 3' GSC)
13.7
(2o ling GSC)
28
(2~, 'l~, —GSC)

02

7.6+0.2
(lm.„'1 vr —1n )

10.4+0.3
(3'„—1~ )
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width are large. The 02 (3os '1tr ) 2+ and
O~ (2o„'ltr ) X„+ states have much smaller b, W'(R, )

and b,R„parameters than the II„resonance state (see
Table II). Therefore, we expect the smaller shift (0.1 eV)

and reduction (0.1 eV) for these two states in comparison
with those for the H„resonance state. Using these small
shift and reduction, we estimated the theoretical reso-
nance peak positions and widths.
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