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Angle-resolved photoelectron spectra were taken of the fourth band in CO, CC 'S,+ ) as a function of photon energy
using synchrotron radiation. It was found that the value ofP dropped strongly in the vicinity of the photon energy of
42 eV. This result is shown to be in convincing agreement with theoretical predictions of a shape resonance,
particularly when consideration is made of variations in internuclear distance.

I. Im RODVCTION

The multiple-scattering method has been demon-
strated to be a highly effective means for calcu-
lating the photoelectric effect for molecules. One
of its most interesting achievements lies in the
prediction of shape resonances. These resonances
arise from an electron excited into an electronic
state from which it tunnels through a centrifugal
molecular potential barrier into the continuum,
and can be predicted within the framework of a
single-electron model. Experimentally, shape
resonances are seen as broad peaks in the cross-
section curve. The identification of a shape reso-
nance has been best carried out through the study
of ihe partial cross sections of the individual
molecular orbitals rather than by total cross sec-
tions. In addition, shape resonances strongly af-
fect the angular distribution of the ejected photo-
electrons.

Predictions of shape resonances were first
made for diatomic molecules, ' 4 but similar ef-
fects have also been found for polyatomic mole-
cules. Shape resonances are expected both in the
photoionization of valence' 4 and core shell orbi-
tais." Experimentally, features in the partial
photoelectron cross-section curves for the outer-
most orbital in both CO and N, were identified as
shape resonances, but evaluation of the compari-
son was hampered by additional structure in the
experimental curve. ' The effects of a shape reso-

nance on the angular parameter p for the ground
vibrational state of these two cases were only
modest and not ideal for an experimental assess-
ment. "The effect of shape resonances on the
excited vibrational states has been examined for
the first photoionization band in CO and N, theo-
retically and experimentally for both branching
ratioss, g and angular asymmetry parametex s a, xo, ix

The agreement between experiment and theory is
reasonable, but there remain many details unre-
solved.

Thus, the very strong shape resonance pre-
dicted" for the fourth band in the photoelectron
spectrum of CO, was welcomed as an ideal test
between theory and experiment. Unfortunately,
the first examination with a continuous synchro-
tron radiation source of the cross section of the
4g level in CO, led to negative results. " Subse-
quently, Brion and Tan, "using results on low-
angle inelastic scattering, showed a very broad
maximum in the optical strength that is probably
caused by shape resonance. Calculations on the

4Qg orbital of CO, using the multiple-scattering
method also predict an enormous dip in the value
of the angular parameter P near 40 eV. With the
help of synchrotron radiation we have measured

p for the fourth band in the photoelectron spectrum
of CO, and have unambiguously identified the shape
resonance effect predicted by theory. Further-
more, we feel that this is one of the most con-
vincing experimental verifications of shape reso-
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nance in the photoionization of molecules seen up
to this time and should provide a benchmark for
the comparison of theory and experiment.

II. EXPERIMENTAL
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Angle-resolved photoelectron spectra were
taken with an electron spectrometer and chamber
designed for synchrotron radiation studies that
will be described in detail elsewhere. " The angu-
lar asymmetry parameter p has been determined
from relative intensities measured in the plane
and perpendicular to the plane of polarization.
The method of analysis is similar to that reported
earlier. " The radiation was generated at the
Synchrotron Radiation Center at Stoughton, Wis-
consin. Data were taken from 584 to 475 A with
the aid of a one-meter Seya monochromator
utilizing a grating blazed at 750 A, and from 450
to 200 A with help of a toroidal grating mono-
chiomator employing a three meter grating with
a take off angle of 15' grazing incidence. For all
the studies the resolution of the photon source
was set at 2 A and the resolution of the electron
spectrometer at 80 mV.

III. RESULTS AND DISCUSSION

In Fig. 1 are plotted the angular asymmetry
parameter p as determined from the angle-re-
solved photoelectron spectrum of the fourth band
of CO, [specifically, the vibrational band corre-
sponding to transitions to the final state
C'g'(goo, )]. The p values have been obtained ex-
perimentally from the relationship

4(R —1)
»(It+1) —(R —1)

'

I

g is I(0')/I(90'), where I(0') and I(90') are the in-
tensities of photoelectrons moving in the direction
parallel and perpendicular to the polarization vec-
tor. The polarization is treated as an experimen-
tally determined variable and found from measure-
ments on krypton to be equivalent to approxi- .

mately 80/z over most of the energy range studied.
The calculated values of p are also displayed in
Fig. 1 and have been reported earlier up to a
photon energy of 45 eV. They have been extended
to 60 eV in this paper. One change has been made

in the calculations as reported previously. The
value co in Eq. (2) of Ref. 4 has been obtained from

&&
—&,. and not the experimental ionization poten-

tial. The calculations are based on the multiple-
scattering method as adapted to photoionization
cross sections. It is a single electron method,
utilizing a statistically averaged potential for ex-
change and based on a fixed internuclear distance
of 1.16 A between the carbon and oxygen. (See
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FIG. 1. Angular asymmetry parameter P obtained for
the fourth band in the photoelectron spectrum of C02
representing the C 2Z~+ state of CO2'is plotted as a func-
tion of photon energy. Experimental data are given by
open circles with error bars that reflect uncertainty in
reproducibility. A solid line is given as an overall ap-
proximation to the experimental points. Besides the
main dip seen at 42 eV, there may be an additional
minimum in P near 29 eV, due to some process such as
autoionization. The dashed line represents calculated
values based on the multiple-scattering method using
fixed internuclear distances. Values from the literature
from line sources are given by (0) (see Ref. 16).

I

50

Ref. 4 and references therein for details. }
The calculations predict a very strong single

dip in p with the minimum at a photon energy of
39.5 eV (the maximum range of p values that is
physically possible is from +2 to -1). The ex-
perimental results clearly show this dip with a
minimum slightly above theory at 42 eV. In addi-
tion, the experimental dip is broader and wider
(about a factor of 3} than theoretical predictions.
These differences between the calculations and
experiment are not unreasonable and, in fact, are
anticipated from the approximations employed in
the theory. First, the nature of the shape reso-
nance is strongly dependent on the internuclear
distance. Thus, the results should be dependent-
on the vibrational motion of the molecule. Calcu-
lations which account for the effect of vibrational
motion have been carried out by Swanson t a)."
for the fourth band of CO„and their results show
a broadening and reduction of the dip in P values
that partly explain the results seen in Fig. 1. In
addition, other effects may cause a dampening of
the shape resonance. For example, it is weQ
known in analogous resonances of atomic sys-
tems" that the use of a statistical exchange ap-
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proximation will yield cross sections that can be
considerably larger than those calculated with an
exact treatment of exact treatment of exchange.

In conclusion, the experimental results on the

P values for the fourth band of CO, plotted as a
function of photon energy show a strong dip that
is clearly the consequence of a shape resonance.
These results give added confidence to the predic-
tions of photoelectron cross sections of molecules
that have utilized the multiple-scattering method.
In addition, these experimental results should
serve well as a benchmark or criteria against

which future theoretical calculations can be eval-
uated.
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