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Angular distributions oflso,, photoelectrons from CQOmolecules, oriented parallel to the electric
vector of incident light, have been measured. The angular distribution patters and o, shape
resonances are significantly different from those expected in the virtual molecular orbitals concept. The
analyses of the patterns have made it clear that the mixing of outgoing photoelectron partial waves and
the interference between them are responsible for the observed patterns, unifetNionization.
Calculations based on a quasiatomic model have reproduced the observed patterns fairly well.
[S0031-9007(97)03451-0]

PACS numbers: 33.80.Eh

A considerable body of experimental and theoreticabresent work is to probe the continuum wave functions
works on the soft x-ray photoabsorption for the corebeing responsible for the shape resonances of &peri-
level of small molecules has shown that resonancementally and theoretically. To realize the visualization
and multielectron effects are commonly encountered [1]of the continuum wave functions, we have undertaken
Within the first tens of eV above the core-level ionizationthe photoelectron angular distribution measurements from
threshold, a broad resonance is characteristically founfixed-in-space molecules [11-13]. And, to explain our
in the photoabsorption spectra, and commonly referredngular distribution patterns, we have also undertaken the
to as a shape resonance because the resonance is dueoretical calculations based on a quasiatomic model,
to the temporary trapping of the outgoing photoelectrori.e., photoionization being regarded as occurring in an
by a centrifugal molecular potential barrier [2]. In atom incorporated into its surroundings [14,15].
an alternative description, the resonance is due to a The experiments were performed on the beam line BL-
transition into an antibonding virtual valence orbital in 2B at the Photon Factory 2.5 GeV storage ring, with the
the continuum [3]. The link between the scattering andohoton energy being selected by a 10-m grazing incidence
molecular orbital concepts is established most elegantly
by viewing the multiple scattering wave function [4] as
being similar to the contour maps used for picturing I L I I B I S
molecular orbitals. Thus, the basic phenomenon of the B CcO .
shape resonance is well understood, but only qualitative - 2
agreement is found between theory and experiment even
for simple diatomic molecules.

In polyatomic molecules, the shape resonance profile
can be different, depending on which atomic core level
is ionized. Moreover, more than one resonance is gener-
ally present, so that not only the spatial localization but
also symmetry properties of the shape resonance become
important. For example, two shape resonances have been
predicted by theory for th& shells of CQ [5,6], corre- E—
sponding to transitions into the virtual antibondifigr; 530 535 540 545 550 555 560 565 570
and 40 molecular orbitals. However, dipole selection Photon Energy (eV)
rules allow only the4o, resonance for Cls (20, Or-  FIG. 1. Symmetry-resolved &-edge photoabsorption spec-
bital) photoionization, whereas both resonances can occita of CO,. A dotted line spectrum expresses the— o
for O 1s (1o, 10,) photoionization [7,8]. Indeed, by parallel transition component, and a solid line spectrum shows
our symmetry-resolved photoabsorption spectroscopy [9&;:‘7 — m perpendicular transition. In the — o spectrum,

o, and o, shape resonances are observed at 542 and
one can clearly see two shape* resonances for the paral 9 eV, respectively. It should be mentioned that the sym-

transition componenty, and o, resonances at 542 and metry decomposition of excited states is not applicable to the
559 eV, respectively (see Fig. 1). The purpose of theransitions below the ionization threshold of £[0].
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monochromator. The description of the experimental ap 90
paratus was reported in detail elsewhere [11,12]. Briefly
the apparatus consists of two identical retarding field ane
lyzers for ion detection, mounted parallel and perpendicu
lar to the polarization vector of the incident light, and a
rotatable parallel plate analyzer for electron detection'®
The method adopted in our study, in order to deter-
mine angular distributions from oriented molecules, is
attributed to the delayed coincidence technique betwee
angle- and energy-resolved photoelectrons and ions [11
13]. That s, the populations of molecules with the desirec
orientation were selected by detecting energetic fragmer
ions ejected either parallel or perpendicular to the polar
ization vector. The data were acquired at the photon ene
gies of 542 ¢, shape resonance), 547, 550, 554, 569 (
shape resonance), and 579 eV. In this paper, we conce
trate our discussions on the results of the angular distribt
tions of 1so photoelectrons from Cmolecules oriented
along the polarization vector.

The angular distributions ol so photoelectrons are
shown in Fig. 2. The experimental data points are show!
by filled circles with error bars, and the results of fitting
these points by using the least-squares method, who:
procedure will be described later, are expressed by th
dashed curves. The maximum value is normalized t
unity in each pattern. In contrast to the results of N
molecules [11,13], the angular distribution patterns a
the o, and o, resonances significantly differ from the
ones expected from the transitions into the antibonding
molecular orbitals ofo, and4a, [16], although one can 270
see a litle similarity between them, i.e., the maximumgig 2. polar plots of angular distributions ofso,,,
and minimum at9 = 90° for the o, and o, resonance, photoelectrons from COmolecules oriented parallel to the
respectively. The reason for the discrepancy is considerggblarization vector, which is directed to the>-D8C° line.
to be due to a strong mixing among outgoing partia|FiIIed circles with error bars represent the experimental
waves, as discussed by Dittmanal. [17] for the valence- dat@ points, and the dashed curves show data points fit-

A ted to the experimental data (see text). The dramatic
shell photoionization of Cg_)molecules. Then these shape change of the angular distribution patters is observed as
resonances would not be induced by a strong enhancemeftfunction of photon energies written in the plots. The
of single channel contribution, such as the Mase theoretical results are drawn by the solid curves, which
[11,13]. At the highest photon energy of 579 eV, theare normalized at the maximum points; strongpd
angular distribution pattern becomes very similar to thdyPridization  (542.eV) and weak spd  hybridization

; . o (559 eV).
one predicted from the atomic transition of — ep.
It implies that the molecular potential barrier is almost
negligible for the photoelectrons having that high kineticwherek = {6, 0} is the photoelectron ejection direction
energy. measured in the molecular frame. B, symmetric

In order to investigate these shape resonances quantitatolecules, such as GQthe expansion in Eg. (1) is
tively, we have applied the formulation of fixed-molecule limited to the even values &. In the even terms ol
photoelectron angular distributions by Dill [18] and by theg — u andu — g transitions do not couple. We take
Cherepkov and Kuznetsov [19] to the analyses of ouinto account the three dominant channels for ghe> u
data. For the photoionization of cylindrically symmetric transitions,1so, — poy, fo,, andho,, and for theu —
molecules with the electric vector parallel to the molecularg transitions, 1so, — so,, do,, and go,. Here, one
z axis, the fixed-molecule photoelectron angular distribushould note that the ungerade symmetry molecular wave
tions can be expressed by a series of Legendre polynomianctions consist of only odd parity partial waves while

0

180

als P, the gerade ones consist of only even parity partial waves,
max because the spatial origin of partial wave functions is set
dq _ Z Ag Py (cosd) @ on the center of a molecule. Under this approximation,

dk £=0 ’ the expansion coefficients dfy in Eq. (1) are truncated
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by K = 10 and given by
Ag = mahv(IDs|* + D, + IDyI> + IDsI> + IDeI> + ID4I),

1
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where « is the fine structure constanB); is the dipole ! contribute appreciably to the angular distribution pattern
matrix element for the transition into thel continuum at theos ) shape resonance. In the same way, the negative
state, andd,; is the phase difference betweehand !’ values ofA, and Ag at 559 eV indicate that the interfer-
partial waves. We have determined the relative values oénce effect is important at the; shape resonance. By
Ag by the fitting procedure using Eq. (1) witi = 10.  numerical analyses, we can conclude that both the mix-
The dashed curves in Fig. 2 show the least-squares fittig of the outgoing partial waves and the interference
The values ofdx are listed in Table I. The uncertain- effects among them are responsible for the observed pat-
ties of the values have been evaluated to be less thaarns. Therefore, one cannot find a one-to-one correspon-
30%. If theo) shape resonance is predominated by thalence between single orbital momenta and eigenchannels
g(l = 4)o, partial wave as predicted from the angularin contrast to N photoionization.

variation of the5a, molecular orbital around the molecu-  To give a practical interpretation for the observed angu-
lar center at the large distance from it [16], one can expedar distribution patterns, we described them by using the
an enhancement of thég coefficient at 542 eV, such as quasiatomic model [14,15]: The ®-shell photoioniza-

in N, photoionization [11,13]. And, similarly, if the-,  tion of CO, molecules is considered a photoionization of
shape resonance is dominated by #té = 5)o, partial  a single oxygen atom, which is modified by the surround-
wave as expected from ther), orbital [16], one can as- ings’ potential. The strong localization of tike-shell hole
sume an increase ofjy at 559 eV. However, as can be reduces the ground state molecular symmetryDeof, to
seen in Table |, this is not the case. From further inspecthat of C;, and induces the local dipole moment. One
tion of Table I, one recognizes that the coefficiedts can construct ther; and o eigenchannels by the even
andAg are negative at 542 eV. It implies that the inter-and odd linear combinations of tHé-shell excitations of
ference terms among outgoing partial waves [see Eq. (2)gft and right terminal oxygen atoms.

TABLE I. Expansion coefficientd x of Legendre polynomials in Eq. (1)A4, is normalized
to unity. E; denotes the kinetic energy of photoelectrons in eV.

Photon energy (eV) Ao A, Ay Ag Ag Al
542.0 a, (Er = 1.2) 1.0 -0.67 0.42 —0.11 0.07 0.007
547.0 (Ex = 6.2) 1.0 -0.45 0.67 —-0.41 0.12 ~0
550.0 (Ex =9.2) 1.0 -0.15 0.25 —0.11 0.19 ~0
554.0 (Ex = 13.2) 1.0 0.43 0.16 -0.02 0.07 ~0
559.0 o (E; = 18.2) 1.0 1.14 -0.18 -0.16 0.03 0.01
579.0 (Ex = 38.2) 1.0 1.69 —0.004 -0.06 0.01 0.09
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Our calculations of the photoelectron angular distribu-to the staff at the Photon Factory for the stable operation
tions have shown that the intramolecular interference magef the storage ring. This work has been performed under
nifies resonantly thgl-hybridization effect on the parallel approval of the Photon Factory Advisory Committee (Pro-
transitions from the X-shell, which controls the direc- posals No. 93G311 and No. 95G369). The quasiatomic
tion of photoelectron current. From Eq. (1) in Ref. [15], research was supported by RFFI (95-03-033138a).
the contribution of anl harmonic to the photoelectron
wave function is expressed by,;, = [T/(1 — BS)l,io»
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