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Fixed-Molecule1ssg,u Photoelectron Angular Distributions as a Probe
of sgppp and suppp Shape Resonances ofCO2
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Angular distributions of1ssg,u photoelectrons from CO2 molecules, oriented parallel to the electric
vector of incident light, have been measured. The angular distribution patters atsp

g and sp
u shape

resonances are significantly different from those expected in the virtual molecular orbitals concept.
analyses of the patterns have made it clear that the mixing of outgoing photoelectron partial wave
the interference between them are responsible for the observed patterns, unlike N2 photoionization.
Calculations based on a quasiatomic model have reproduced the observed patterns fairly
[S0031-9007(97)03451-0]
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A considerable body of experimental and theoretic
works on the soft x-ray photoabsorption for the co
level of small molecules has shown that resonanc
and multielectron effects are commonly encountered [
Within the first tens of eV above the core-level ionizatio
threshold, a broad resonance is characteristically fou
in the photoabsorption spectra, and commonly referr
to as a shape resonance because the resonance is
to the temporary trapping of the outgoing photoelectr
by a centrifugal molecular potential barrier [2]. In
an alternative description, the resonance is due to
transition into an antibonding virtual valence orbital i
the continuum [3]. The link between the scattering an
molecular orbital concepts is established most elegan
by viewing the multiple scattering wave function [4] a
being similar to the contour maps used for picturin
molecular orbitals. Thus, the basic phenomenon of t
shape resonance is well understood, but only qualitat
agreement is found between theory and experiment e
for simple diatomic molecules.

In polyatomic molecules, the shape resonance pro
can be different, depending on which atomic core lev
is ionized. Moreover, more than one resonance is gen
ally present, so that not only the spatial localization b
also symmetry properties of the shape resonance bec
important. For example, two shape resonances have b
predicted by theory for theK shells of CO2 [5,6], corre-
sponding to transitions into the virtual antibonding5sp

g
and 4sp

u molecular orbitals. However, dipole selectio
rules allow only the4sp

u resonance for C1s (2sg or-
bital) photoionization, whereas both resonances can oc
for O 1s (1sg, 1su) photoionization [7,8]. Indeed, by
our symmetry-resolved photoabsorption spectroscopy [
one can clearly see two shape resonances for the par
transition component;sp

g and sp
u resonances at 542 and

559 eV, respectively (see Fig. 1). The purpose of t
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present work is to probe the continuum wave functio
being responsible for the shape resonances of CO2 experi-
mentally and theoretically. To realize the visualizatio
of the continuum wave functions, we have undertak
the photoelectron angular distribution measurements fr
fixed-in-space molecules [11–13]. And, to explain o
angular distribution patterns, we have also undertaken
theoretical calculations based on a quasiatomic mod
i.e., photoionization being regarded as occurring in
atom incorporated into its surroundings [14,15].

The experiments were performed on the beam line B
2B at the Photon Factory 2.5 GeV storage ring, with t
photon energy being selected by a 10-m grazing incide

FIG. 1. Symmetry-resolved OK-edge photoabsorption spec
tra of CO2. A dotted line spectrum expresses thes ! s
parallel transition component, and a solid line spectrum sho
the s ! p perpendicular transition. In thes ! s spectrum,
the sp

g and sp
u shape resonances are observed at 542

559 eV, respectively. It should be mentioned that the sy
metry decomposition of excited states is not applicable to
transitions below the ionization threshold of CO2 [10].
© 1997 The American Physical Society
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monochromator. The description of the experimental a
paratus was reported in detail elsewhere [11,12]. Briefl
the apparatus consists of two identical retarding field an
lyzers for ion detection, mounted parallel and perpendic
lar to the polarization vector of the incident light, and
rotatable parallel plate analyzer for electron detectio
The method adopted in our study, in order to dete
mine angular distributions from oriented molecules,
attributed to the delayed coincidence technique betwe
angle- and energy-resolved photoelectrons and ions [1
13]. That is, the populations of molecules with the desir
orientation were selected by detecting energetic fragm
ions ejected either parallel or perpendicular to the pol
ization vector. The data were acquired at the photon en
gies of 542 (sp

g shape resonance), 547, 550, 554, 559 (sp
u

shape resonance), and 579 eV. In this paper, we conc
trate our discussions on the results of the angular distri
tions of1ss photoelectrons from CO2 molecules oriented
along the polarization vector.

The angular distributions of1ss photoelectrons are
shown in Fig. 2. The experimental data points are sho
by filled circles with error bars, and the results of fittin
these points by using the least-squares method, wh
procedure will be described later, are expressed by
dashed curves. The maximum value is normalized
unity in each pattern. In contrast to the results of N2

molecules [11,13], the angular distribution patterns
the sp

g and sp
u resonances significantly differ from the

ones expected from the transitions into the antibondi
molecular orbitals of5sp

g and4sp
u [16], although one can

see a little similarity between them, i.e., the maximu
and minimum atu  90± for the sp

g and sp
u resonance,

respectively. The reason for the discrepancy is conside
to be due to a strong mixing among outgoing parti
waves, as discussed by Dittmanet al. [17] for the valence-
shell photoionization of CO2 molecules. Then these shap
resonances would not be induced by a strong enhancem
of single channel contribution, such as the N2 case
[11,13]. At the highest photon energy of 579 eV, th
angular distribution pattern becomes very similar to t
one predicted from the atomic transition of1s ! ´p.
It implies that the molecular potential barrier is almo
negligible for the photoelectrons having that high kinet
energy.

In order to investigate these shape resonances quan
tively, we have applied the formulation of fixed-molecul
photoelectron angular distributions by Dill [18] and b
Cherepkov and Kuznetsov [19] to the analyses of o
data. For the photoionization of cylindrically symmetri
molecules with the electric vector parallel to the molecul
z axis, the fixed-molecule photoelectron angular distrib
tions can be expressed by a series of Legendre polyno
alsPK ,

ds

dk̂


2lmaxX
K0

AKPK scosud , (1)
p-
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FIG. 2. Polar plots of angular distributions of1ssg,u
photoelectrons from CO2 molecules oriented parallel to the
polarization vector, which is directed to the 0±-180± line.
Filled circles with error bars represent the experimen
data points, and the dashed curves show data points
ted to the experimental data (see text). The drama
change of the angular distribution patters is observed
a function of photon energies written in the plots. Th
theoretical results are drawn by the solid curves, whi
are normalized at the maximum points; strongspd
hybridization (542 eV) and weak spd hybridization
(559 eV).

where k̂  hu, 0j is the photoelectron ejection direction
measured in the molecular frame. InD`h symmetric
molecules, such as CO2, the expansion in Eq. (1) is
limited to the even values ofK. In the even terms ofAK ,
theg ! u andu ! g transitions do not couple. We take
into account the three dominant channels for theg ! u
transitions,1ssg ! psu, fsu, andhsu, and for theu !
g transitions,1ssu ! ssg, dsg, and gsg. Here, one
should note that the ungerade symmetry molecular wa
functions consist of only odd parity partial waves whil
the gerade ones consist of only even parity partial wav
because the spatial origin of partial wave functions is s
on the center of a molecule. Under this approximatio
the expansion coefficients ofAK in Eq. (1) are truncated
4911
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by K  10 and given by
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where a is the fine structure constant,Dl is the dipole
matrix element for the transition into thél continuum
state, anddll0 is the phase difference between´l and ´l0

partial waves. We have determined the relative value
AK by the fitting procedure using Eq. (1) withK % 10.
The dashed curves in Fig. 2 show the least-squares
The values ofAK are listed in Table I. The uncertain
ties of the values have been evaluated to be less
30%. If thesp

g shape resonance is predominated by
gsl  4dsg partial wave as predicted from the angu
variation of the5sp

g molecular orbital around the molec
lar center at the large distance from it [16], one can exp
an enhancement of theA8 coefficient at 542 eV, such a
in N2 photoionization [11,13]. And, similarly, if thesp

u
shape resonance is dominated by thehsl  5dsp

u partial
wave as expected from the4sp

u orbital [16], one can as
sume an increase ofA10 at 559 eV. However, as can b
seen in Table I, this is not the case. From further insp
tion of Table I, one recognizes that the coefficientsA2

and A6 are negative at 542 eV. It implies that the int
ference terms among outgoing partial waves [see Eq.
4912
TABLE I. Expansion coefficientsAK of Legendre polynomials in Eq. (1).A0 is normalized
to unity. Ek denotes the kinetic energy of photoelectrons in eV.

Photon energy (eV) A0 A2 A4 A6 A8 A10

542.0 sp
g sEk  1.2d 1.0 20.67 0.42 20.11 0.07 0.007

547.0 sEk  6.2d 1.0 20.45 0.67 20.41 0.12 ,0
550.0 sEk  9.2d 1.0 20.15 0.25 20.11 0.19 ,0
554.0 sEk  13.2d 1.0 0.43 0.16 20.02 0.07 ,0
559.0 sp

u sEk  18.2d 1.0 1.14 20.18 20.16 0.03 0.01
579.0 sEk  38.2d 1.0 1.69 20.004 20.06 0.01 0.09
of
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-
2)]

contribute appreciably to the angular distribution patte
at thesp

g shape resonance. In the same way, the nega
values ofA4 and A6 at 559 eV indicate that the interfer
ence effect is important at thesp

u shape resonance. B
numerical analyses, we can conclude that both the m
ing of the outgoing partial waves and the interferen
effects among them are responsible for the observed
terns. Therefore, one cannot find a one-to-one corresp
dence between single orbital momenta and eigenchan
in contrast to N2 photoionization.

To give a practical interpretation for the observed ang
lar distribution patterns, we described them by using
quasiatomic model [14,15]: The OK-shell photoioniza-
tion of CO2 molecules is considered a photoionization
a single oxygen atom, which is modified by the surroun
ings’ potential. The strong localization of theK-shell hole
reduces the ground state molecular symmetry ofD`h to
that of C`h, and induces the local dipole moment. On
can construct thesp

g and sp
u eigenchannels by the eve

and odd linear combinations of theK-shell excitations of
left and right terminal oxygen atoms.



VOLUME 78, NUMBER 26 P H Y S I C A L R E V I E W L E T T E R S 30 JUNE 1997

,

h
r

s
u
i
x

e
y
e

i
o
c
r

c
a

n

V
la

t
a
s
c

i
n
f

on
er

o-
ic

re
0,

e,

ce
i,

l

.

,

f,

.

t.

i,
n

,

a,

s.

a,

e-

l

d

s.

,

Our calculations of the photoelectron angular distribu
tions have shown that the intramolecular interference ma
nifies resonantly thepl-hybridization effect on the parallel
transitions from the OK-shell, which controls the direc-
tion of photoelectron current. From Eq. (1) in Ref. [15]
the contribution of anl harmonic to the photoelectron
wave function is expressed byApls  fTys1 2 BSdgpls ,
whereS is a scattering matrix, andB and T are the ma-
trices describing reflection and transmission through t
surroundings, respectively. The calculated angular dist
bution patterns, with the hybridization amongs-, p-, and
d-partial waves taken into account, are plotted in Fig. 2 fo
four photon energies, including thesp

g andsp
u resonances.

The degreesnl of the spd hybridization are given in
Table II. Thenl are normalized to give the unity in the
sum. The hybridization is the highest at the lowest photo
energy corresponding to thesp

g resonance, and it decrease
with an increase of photon energy. The calculated ang
lar distributions reproduce the experimental trend shown
Fig. 2 fairly well. The agreement between theory and e
periment implies that thespd hybridization at thesp

g and
sp

u resonances plays a central role in the photoelectron a
gular distributions. As the multiple scattering decreas
with the increase of photoelectron kinetic energy, the h
bridization in thesp

u resonance is weaker than that in th
sp

g. To assist the understanding of the increase of the h
bridization with the decrease of photoelectron velocity,
is helpful to introduce the pseudopotential concept. F
low-energy photoelectrons, the intramolecular interferen
leads to the blocking of their transmission through the su
rounding C-O fragment. Thus, the destructive interferen
effect of photoelectrons can be modeled by a potential b
rier at the location of the fragment. Then, it is suppose
that the surroundings’ anisotropy is energy dependent a
enhanced for low-energy photoelectrons, giving rise to
strongspd hybridization. In accordance with this quali-
tative explanation, at the highest photon energy 579 e
where the interference becomes fairly weak, the angu
distribution in thes channel approaches the one describe
by thepz function. On this background, the observed pa
terns can be rationalized from the viewpoint that the loc
electron optical properties (the relief of the surrounding
pseudopotential) define the major direction of photoele
tron emission.
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Photon energy (eV) ns np nd
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