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High-resolution carbon 1s photoelectron spectrum of ethene: Ab initio calculation
of vibrational structure with dynamic localization of the core hole
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The vibrational structure in the carbos photoelectron spectrum of ethene has been measured with a total
experimental resolution of about 55 meV, significantly better than has been previously reported. The spectrum
has been calculated usiradp initio electronic structure theory with a localized core hole and the equivalent-
cores approximation. Agreement between the calculated spectrum and measuftakent29 eV above the
carbon & threshold is excellent. This agreement indicates that there is dynamic localization of the core hole,
even though the &4-10, splitting is not small. The theoretical method provides an approach that is useful for
analyzing such spectra and also shows some of the pitfalls of attempting to fit complex vibrational spectra
without guidance from theoryS1050-29478)00101-2

PACS numbgs): 31.15.Ar, 33.20.Tp, 33.60.Fy, 33.70w

. INTRODUCTION values from—4.1 to —7.2 pm for this chang¢4,10-13.

) Although some theories predict the correct value, there is

The shape of an inner-shell photoelectron spectrum for e correlation between the level of the theory and the ac-
molecule is influenced by several factors. For all such SPeCcuracy of the prediction. A similar result has been seen by
tra, there are contributions from experimental resolution,Sigge|et al.[14] in a study of sulfur P ionization in several
lifetime broadening, and often vibrational structure. In mol-gmall molecules. They found that including the effects of
ecules with inequivalent atoms of the same element, th@ectron correlation in their calculated spectra gave improved
spectrum will be the superpqsition of _two or more SPeCtraagreement for CS worse agreement for SOand no change
eac.h. affected by the factors just m_entloned, but at differenfy, H,S and OCS.
positions on the energy scale. For inner shells other han e have found a theoretical procedure that is relatively
there may be additional structure due to spin-orbit splittingsimple to use and gives an accurate prediction of vibrational
and molecular-field splitting. o ~ structure in the core ionization of a number of hydrocarbons.

The vibrational structure is of interest in its own right, in |, fytyre [11] we plan to describe the successful application
that it provides information on geometry and bonding in theyf this procedure to spectra taken with an experimental reso-
core-excited molecules. In many situations, however, one igtion between 113 and 140 meV for methane, deuter-
interested in such quantities as lifetime broadening, ionizapmethane, acetylene, deuteroacetylene, ethene, deuteroet-
tion energies of inequivalent atoms, or molecular-field split-hene, and ethane. Here we outline the features of the
ting. In these cases it is useful to haa@riori knowledge of  procedure and show that it successfully accounts for a carbon
the vibrational structure as an aid to analyzing the spectra tds photoelectron spectrum of ethene recently acquired at the
obtain the desired informatioib initio calculations provide Advanced Light Source with a total experimental resolution
a path to this information. of about 55 meV, close to the present state of the art for this

Accurate calculation of the vibrational structure requireskind of measurement. Moreover, this analysis shows that
accurate knowledge of the vibrational frequencies of thesimple curve fitting of such complex spectra may not provide
core-excited molecule and of the changes in bond lengtha reliable guide to the vibrational structure produced in core
and bond angles that accompany core ionizati®.initio  ionization.
calculations of the frequencies are, in general, not difficult if Ethene was chosen for this study because it is rich in
one makes empirical adjustments for the failures of thevibrational complexity, with at least three vibrational modes
Hartree-Fock approach. The vibrational structure is, howand their combinations contributing to the structure. It has
ever, very sensitive to changes in bond lengths, and calculabeen previously studied at lower experimental resolution by
ing this correctly provides a severe testadf initio theory. Koppeet al.[6], Sethreet al.[9], and Kempgenst al.[15].

As an example, we consider the carbomitnization of  In addition, ethene has two equivalent carbon atoms and the
methang 1-9], which has a simple spectrum, consisting of aquestion arises as to whether the core ionization should be
progression of lines arising from the symmetric carbon-treated as localized or delocalized. It has been suggested by
hydrogen stretching mode. All analyses of the experimentaPomcke and Cederbaufi6] that the inner-shell hole can be
data agree that there is a decrease of about 5 pm between tiewed as localized if the splitting between theland 1o,
equilibrium bond length in neutral GHand the core-ionized molecular orbitals is small, and evidence for such localiza-
molecule[1-5,7,8. Theoretical calculations give a range of tion has been seen in the oxygers ionization of CQ
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[17,18, where this splitting is of the order of 1 meV. How- lengths, bond angles, normal modes, and vibrational frequen-
ever, in ethene we estimate this splitting to be of the order ofies of the initial and core-ionized molecules. For this we
50 meV, which is not very small compared to typical vibra- have usedsAussiaN-94[21] with the D95(d,p) basis set at
tional energies £ 200 meV). It is, therefore, of interest to theMP4SDQlevel(that is, correcting for correlation effects

see whether or not a localized model will work for this mol- using a fourth-order Miger-Plesset perturbation method, in-
ecule. cluding single, double, and quadruple excitatjorifo de-

scribe the core-ionized species, we assume that the core hole
can be treated as localized and, in addition, use the
equivalent-cores approximati¢@2]; that is, the calculations

Measurements were made on Beamline 9.0.1 of the Adwere done for Ch=NH," (but with nitrogen given a mass
vanced Light Sourcé19] at a photon energy of 320 eV, of 12 amuy. In the predicted spectrum, the vibrational struc-
about 29 eV above the carbos threshold. This energy was ture is extremely sensitive to the change in geometric param-
chosen to minimize distortion of the vibrational structure byeters between the initial and final states. After analyzing
resonances near threshold and distortion of the peak shapggectra for a number of hydrocarbofisl] we found that
by post-collision interaction, while still working in a region 900d results were obtained by using the carbon basis set in
of energy where there was adequate intensity. This beamlin@lace of the nitrogen basis set in the equivalent-cores calcu-
receives its radiation from an undulat@y10) with a 10-cm  lation. It is to be noted that there is no justification for this
period. It is equipped with a spherical grating monochro_procedU(e other' than its apparent success. In the limit of a
mator that is, in principle, capable of a resolving power ofVery flexible basis set, the result would be independent of the
about 1. Photon absorption measurements to determine erghoice of basis set. Moreover, we anticipate that there are
ergy calibration and photon resolution were made in adnherent errors in the equivalent-cores approg2$i. Here,
parallel-plate ion-yield chamber. The photoelectron spectrunfiowever, our goal is to find a procedure that will describe the
was measured in a spherical-sector electrostatic analyzer. Vibrational structure in a reliable way and our experience

The resolution of the photon beam was determined byvith the molecules mentioned above is that this procedure
fitting a Voigt function to the photon absorption spectrum ofdoes that, although this success must in part be due to can-
the 7 resonance of CO. At a slit setting corresponding to acellation of errors.

predicted resolution of 34 meV, we obtain a Gaussian con- The Gaussian calculations give all of the basic informa-
tribution of 35 meV (full width at half maximum. The tion needed and from these we can calculate the change in

Lorentzian width of the principal liney(=0) is 103 meVv, €ach normal coordinate. For core-ionized ethene there are
but this appears to have been broadened by sample thickne§¥€ A1 normal modes that might contribute to the vibrational
The weaker linedv=1 and 2 have widths of 78 and 82 structure, but the calculations show that only three of these
meV, in reasonable agreement with the value of 85 me\Are significant. In decreasing order of importance, these have
reported by otherE20]. The resolution of the electron-energy fundamental frequencies of 165, 409, and 201 meV. We re-
analyzer was determined by measuring the argprpBoto- ~ fer to these modes ag;, v;, and v,, respectively. The
electron spectrum under conditions that the photon resolutiogharacter of each is considered in the discussion.
was nearly negligible and the kinetic energy of the photo- Once the changes in normal coordinates are known,
electrons was the same as in the ethene measurement. Fittiig@nck-Condon factors are calculated in the harmonic oscil-
the spectrum with Voigt functions gives a Gaussian contriJator approximation for transitions from th@,0,0 state of
bution of 35 meV and a Lorentzian contribution of 10 mevV, the neutral molecule to thev(,0,0), (0p,,0), and
for an overall width of 41 meV. (0,0,v3) states of the core-ionized molecule. For these cal-
Combining the components from the photon beam and théulations we have used the vibrational frequencies noted
electron-energy analyzer gives an overall experimental func@Pove, which come from the Gaussian results, reduced by
tion that is best described as a Voigt function with a Gauss10%[24,25. The purpose of this correction is to account for
ian width of 50 meV, a Lorentzian width of 10 meV, or a inadequate treatment of correlation effects in the electronic
total width of 55 meV. No physical significance should be Structure calculations. Appropriate correction factors have
attached to the Lorentzian component; use of the Voigt funcbeen discussed by Radom and co-workes 25. We note
tion appears to provide a better description of the experimerthat reducing our calculated vibrational frequency for core-
tally measured resolution function than does the assumptiotnized methane by 10% gives a value of 397 meV, in good
of a Gaussian function. agreement with published experimental values of 391 meV
Because of uncertainties in the energy calibration of thé4] and 396 meV[6]. For the probability of excitation to a
electron-energy analyzer, the photoelectron energy scale hg&gmbination mode,u;,v,,v3), we take the product of the
been adjusted so that the peak corresponding to the adiabatlt’€e corresponding single Franck-Condon factors; for the

transition has the ionization energy of 290.75 eV reported byenergy of the combination mode we use the sum of the en-
Sathre et al. [9]. ergies of each of the contributing modes. From these results

we generate the intensity and energy of all significant com-
binations. The final calculation includes 22 vibrational states,
which account for 99.5% of the intensity.

II. EXPERIMENTAL PROCEDURE AND RESOLUTION

[ll. THEORETICAL PROCEDURES

A. Vibrational structure

We assume that, under the conditions of the experiment, B. The line shape

the vibrational excitation can be predicted by using a simple Because the excitation energy is only 29 eV above thresh-
Franck-Condon model. In this case, we require the bondld, the intrinsic line shape is not Lorentzian, but is modified
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FIG. 2. Potential energy functions for localizédotted and

] delocalized(solid) models for the vibration of the bending mode of
FIG. 1. Experimental and calculated photoelectron spectra fopihene at 165 meVig).

carbon Xk photoionization in ethene. The points show the experi-

mental data. The vertical lines show the positions and intensities O(Eederbaun[l6]. In the localized approach, the molecule is

14 of the predicted vibrational transitions. Several of these are laasymmetric, with the core hole located either on the left car-

beled with the appropriate vibrational quantum numbers. The solicbon or on the right carbon; the various bond lengths and

line represents the predicted vibrational structure dispersed so as nd angles are different on the left from what they are on
show the combined effects of experimental resolution, lifetime, an

A ; . . i ._the right, reflecting the different bonding of core-ionized and
postcollision interaction. The overall intensity and position of this neutral atoms. The vibrations are relative to one or the other
line as well as a constant background have been fit to the experl- ) N

mental data by least squares. The data and the region used for fittirg{ these configurations. Taking a h_arm_onlc osc_lllator model
extend to both higher and lower energies than are shown here. ves the tWO dotted curves shown in Fig. 2, which represent
the potential energy for one of the modes as a function of

by postcollision interactior(PCl) between the low-energy normal coordinate. Here the horizontal axis is the normal
photoelectron and the subsequent high-energy Auger elecoordinate for one mode, normalized so thafl on this
tron. To approximate the PCl-modified line shape, we havescale corresponds to the difference in the coordinate between
used the theory of van der Straten, Morgenstern, and NiehadBe equilibrium configuration of the neutral molecule and
[26] using a range of values for the natural linewidth be-that of the core-ionizedlocalized molecule. The potential
tween 70 and 110 meV. energy alQ=0 is the difference in energy between the core-

The final spectrum is obtained from a convolution of theionized molecule in its equilibrium configuration and in the
vibrational intensities with the PCI line shape and the resoconfiguration of the neutral molecule. Since the core-ionized
lution function. Spectra for different values of the linewidth molecule is created & =0, it has, on the average, a vibra-
were then fit to the experimental data with height, positiontional excitation energy approximately equal in magnitude to
and constant background as adjustable parameters. The lothis difference(labeled(e,;,) in the figure. The horizontal
est value ofy? was obtained with a natural linewidth of 98 line labeled ‘v =0" shows the location of the lowest vibra-
meV. This is to be compared with theoretical values of 95tional state for the left-hand potential relative to its zero;
and 89 meV, calculated by Coville and Thonjag] and by  (e,j,) must be added to this to obtain the average vibrational
Hartmann[28], respectively, and with an experimental value energy relative to the zero of the potentiéh constructing
of 85+ 10 reported by Kempgeret al. [15]. these curves, we have used our calculations for the mode at

A comparison between the calculated and measured spet65 meV, for which(e,) was found to be 59 meY.
trum is seen in Fig. 1, where it is to be noted that the agree- In the delocalized picture we take linear combinations of
ment is very good. Additional studi¢41], at lower resolu- these left and right configurations, thus allowing for the pos-
tion, on other hydrocarbons show similarly good agreementsibility that the core hole can be on either carbon. At the
It is apparent that this method of calculating the spectra givesymmetry point we have two new energies, split about the
satisfactory results. average vibrational excitation energy ty( e, — €,)/2, where

€;,— €, is the difference in energies between theand u
IV. DISCUSSION molecular orbitals of the 4 electrons. Given this splitting,

the potential energy curves in the delocalized model are eas-
ily calculated as a function of normal coordinate. The curve

It is apparent that the vibrational excitation in the corefor the lower of the two energies is shown as the solid line;
ionization of ethene can be described by a model in whichhis represents the adiabatic potential enefggr this illus-
the core hole is localized, even though two carbons ardration we have taken thg-u difference to be 49 meV,
equivalent. To obtain further insight into this phenomenonwhich is the difference in orbital energies obtained in a cal-
we use an approach similar to that outlined by Domcke andulation using the 6-33** basis sej.

A. Localization and delocalization



160 J. BOZEKet al. 57

H—
the vibrational structure. How do we understand that the A ~

core-ionized molecule follows the localized potential rather

than the delocalized one? The core-ionized molecule is cre-

ated from a symmetric molecule, i.e.,@t= 0, where the two

localized curves intersect. The electron is, however, removed

from one or the other of the two carbons, left or right, and

the molecule begins to vibrate according to one of the local-

ized potentials, the left one, for example. In order for the ~

N

that the localized potential gives an accurate description of /H
{

molecule to explore the right-hand potential, the core hole H"

must relocalize to the right carbon atom. The time for this

relocalization isfi/(e;— €,), whereas the time of a charac-

teristic vibration is#i/e,,, where e, is the energy of a

vibrational quantum. In Cg studied by Nordgreet al.[17]

and by Kivim&i et al. [18], the hole delocalization time is (b)

about 200 times as long as the vibrational time, and the core

hole cannot change its location during many vibrational pe-

riods. Thus the relevant potential is the localized one. This

breakdown of the Born-Oppenheimer approximation, pre-

dicted by Domcke and Cederbaui®], gives rise to what is

known as dynamic core-hole localization. ~C Co
For ethene, as studied here, the difference in times is not N

so pronounced. Our estimate of theu splitting, 49 meV, is N

slightly less thar of the vibrational energy, and the charac- \

teristic times are, accordingly, in the same ratio. Neverthe-

less, the vibrational structure is accurately predicted by the

localized model. This result suggests a wider applicability of ;

this model than might have been expected from the presen- 4

tation of Domcke and Cederbaui6], who emphasized that

the g-u energy difference must be close to zero.

N

N
/
N

Our comparison between experiment and theory shows . (3)
!

I
H
1

s

FIG. 3. Two of the predicted normal modes of core-ionized
ethene. The asterisk indicates the core-ionized cart@nHCH
bending mode withv= 165 meV, referred to in the text ag. (b)

B. The localized vibrational modes Carbon-carbon stretching mode withy=201 meV, referred to in

We have seen that the core ionization of ethene can b€ text asv.
treated as a localized excitation, with the result that the plane
of symmetry perpendicular to the carbon-carbon bond of the The peak seen in Fig. 1 at an ionization energy of 290.9
ethene molecule is destroyed and the appropriate normalV is apparent as a shoulder in the spectra obtained by
modes are those of GH=NH," rather than those of ethene. Koppeet al.[6] and Kempgenst al.[15] and as asymmetric
However, the planes of symmetry that contain the carbonbroadening of the main peak in the results aftBre et al.
carbon bond remain, and only those modes that are symmdi9] and Kaqpe et al. have attributed this to carbon-carbon
ric with respect to these planes will be excited in core ion-stretching (hv=191). The theoretical calculations show,
ization. In ethene there are five such modes—tixgeodes  however, that most of the intensity in this region comes from
and two B3, modes(Herzberg's notatior{29]). These are the mode referred to here as, illustrated in Fig. 8), with
two carbon-hydrogen stretching modes, two HCH bendinga calculated energy of 165 meV. A smaller contribution
modes, and the carbon-carbon stretching mode. There afabout 20% of the intensity in this regipsomes from the

five similar modes in the core-ionized molecule, Al; mode illustrated in Fig. @), v, (201 meV). It is apparent
however, as noted earlier, the calculations show that onlyrom Fig. 3a) that the major contribution involves predomi-
three of these are significantly excited. nantly HCH bending at the unionized carbon, with similar,

The highest-energy modeeferred to here as;) is cal-  but less pronounced, bending at the ionized carbon. The the-
culated to be at 409 meV and results from carbon-hydrogeoretical calculation§9] show a change in the equilibrium
stretching. It produces the peak in the spectrum at an ionizadCH bond angle of several degrees at the unionized carbon
tion energy of 291.15 eV. This feature is apparent in thewith a smaller change in angle at the ionized carbon. This
spectra reported by Kipe et al. [6], Sethre et al. [9], and  change in geometry gives rise to the vibrational excitation
Kempgenset al.[15]. The theoretical calculations show that that is observed at 290.9 eV. Carbon-carbon stretching plays
this is almost exclusively a local mode, involving the in- only a small role in this mode according to our calculations,
phase stretching of the two hydrogens attached to the coreontrary to the conclusion drawn by Kpeet al.
ionized carbon, as has been noted kytl8e et al. [9]. Our Comparison of our analysis with those of pmeet al.[6]
predicted energy for this mode, 409 meV, is close to, bushows the importance of having guidance from theoretical
slightly lower than, that derived by Kempgemsal. [15] calculations in interpreting the data. Their analysis is based
from their data, 424 10 meV. on the assumption that only two vibrational modes contribute
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to the structure observed in the carbos fthotoelectron lifetime broadenind90—100 meV will cause these peaks to

spectrum of ethene—carbon-hydrogen and carbon-carbaoverlap. As can be seen from the vertical lines labeled 001
stretching. From a comparison of the vibrational frequencyand 010 in Fig. 1, the frequencies are not very different from
that they have attributed to carbon-carbon stretchit®l  one another and the spectrum will be fit almost equally well
meV) with the frequency for the similar mode in neutral with various combinations of the two modes. The need for

ethene(201 meV, they concluded that the carbon-carbontheoretical help in interpreting such spectra is apparent.
bond is weaker and longer in the core-ionized molecule than

in the neutral molecule. The theoretical analysis, however,
shows, first, that three modes, rather than two, are significant
and, second, that the main vibrational excitation in this en- We are indebted to Knut Bee for helpful discussions
ergy region is the HCH bending mode, rather than theand for the results of his unpublished calculations. This ma-
carbon-carbon stretching mode. Their conclusion about bonterial is based in part upon work supported by the National
length change is, therefore, unjustified. The theoretical calScience Foundation under Grant No. CHE-9408368. The
culations of Saethret al. [9], in fact, show ashorteningof =~ work has also been supported by the Director Office of En-
the equilibrium bond length by 5.7 pm upon core ionization,ergy Research, Office of Basic Energy Sciences, Materials
Even with higher resolution, empirical fits of the experi- Sciences Division, of the U.S. Department of Energy under
mental spectrum might not be able to determine the relativ€ontract No. DE-AC03-76SF00098. Support has also been
importance of HCH bending and CC stretching, since theeceived from the Research Council of Norw@yFR).

ACKNOWLEDGMENTS

[1] U. Gelius, E. Basilier, S. Svensson, T. Bergmark, and K. Sieg{18] A. Kivimaki, B. Kempgens, K. Maier, H. M. Kppe, M. N.

bahn, J. Electron Spectrosc. Relat. Phengpml05 (01974). Piancastelli, M. Neeb, and A. M. Bradshaw, Phys. Rev. Lett.
[2] U. Gelius, S. Svensson, H. Siegbahn, E. BasilierFa#xdv, 79, 998 (1997).
and K. Siegbahn, Chem. Phys. Le28, 1 (1974. [19] P. A. Heimann, T. Warwick, M. R. Howells, W. McKinney, R.
[3] U. Gelius, J. Electron Spectrosc. Relat. Phenm885(1974). DiGennaro, B. Gee, D. Yee, and B. Kincaid, Nucl. Instrum.
[4] L. Asplund, U. Gelius, S. Hedman, K. Helenelund, K. Sieg- Methods Phys. Res. 819, 106 (1992.
bahn, and P. E. M. Siegbahn, J. Phys18® 1569(1985. [20] M. Tronc, G. C. King, and F. H. Read, J. Phys.1B, 137
[5] P. A. Heimann, L. J. Medhurst, M. R. F. Siggel, D. A. Shirley, (1979; D. A. Shaw, G. C. King, D. Cvejanovic, and F. H.
C. T. Chen, Y. Ma, and F. Sette, Chem. Phys. L&83 234 Read,ibid. 17, 2091 (1984; S. J. Osborne, A. Ausmees, S.
(1991 Svensson, A. Kivimki, O.-P. Sairanen, A. Naves de Brito, H.
[6] H. M. Koppe, A. L. D. Kilcoyne, J. Feldhaus, and A. M. Brad- Aksela, and S. Aksela, J. Chem. Phg62 7317(1995.
shaw, J. Chin. Chem. Sod2, 255(1995. [21] M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B.
[7] H. M. Koppe, B. S. Itchkawitz, A. L. D. Kilcoyne, J. Feldhaus, G. Johnson, M. A. Robb, J. R. Cheeseman, T. Keith, G. A.
B. Kempgens, A. Kivimki, M. Neeb, and A. M. Bradshaw, Petersson, J. A. Montgomery, K. Raghavachari, M. A. Al-
Phys. Rev. A53, 4120(1996. Laham, V. G. Zakrzewski, J. V. Ortiz, J. B. Foresman, J.
[8] S. J. Osborne, S. Sundin, A. Ausmees, S. Svensson, L. J. Cioslowski, B. B. Stefanov, A. Nanayakkara, M. Challacombe,
Sethre, O. Sweren, S. L. Sorensen, J."gk, J. Karvonen, S. C.Y.Peng, P.Y. Ayala, W. Chen, M. W. Wong, J. L. Andres,
Aksela, and A. Kikas, J. Chem. PhyK)6, 1661(1997). E. S. Replogle, R. Gomperts, R. L. Martin, D. J. Fox, J. S.
[9] L. J. Sethre, O. Sweren, S. Svensson, S. Osborne, T. D. Tho- Binkley, D. J. Defrees, J. Baker, J. P. Stewart, M. Head-
mas, J. Jauhiainen, and S. Aksela, Phys. Re\b5A 2748 Gordon, C. Gonzalez, and J. A. PopaussSIAN 94 Revision
(1997. B.1 (Gaussian, Inc., Pittsburgh PA, 1995
[10] J. R. Thomas, B. J. DeLeeuw, G. Vacek, T. D. Crawford, Y.[22] W. L. Jolly, in Electron Spectroscopydited by D. A. Shirley
Yamaguchi, and H. F. Schaefer lll, J. Chem. Ph84. 403 (North-Holland, Amsterdam, 1972p. 629; D. B. Adams, J.
(1993. Electron Spectrosc. Relat. Phenodd, 241 (1993.
[11] T. D. Thomas, L. J. &thre, S. L. Sorensen, and S. Svensson[23] For instance, high-quality calculations by J. R. Thoreasl.
(unpublished (Ref.[10]) show that the bond length change between, @hrt
[12] K. Bérve (unpublished NH," is —6.4 pm, compared with the experimental difference
[13] W. Meyer, J. Chem. Phy%8, 1017(1973. between CH and core-ionized Cit of —5 pm.
[14] M. R. F. Siggel, C. Field, L. J. &thre, K. J. Bove, and T. D.  [24] J. A. Pople, A. P. Scott, M. W. Wong, and L. Radom, Isr. J.
Thomas, J. Chem. Phy&05 9035(1996. Chem.33, 345(1993.

[15] B. Kempgens, A. Kivim&i, B. S. ltchkawitz, H. M. Kgpe, H.  [25] A. P. Scott and L. Radom, J. Chem. Phg80 16 502(1996.
Scmidbauer, M. Neeb, J. Feldhaus, and A. M. Bradshaw, J[26] P. van der Straten, R. Morgenstern, and A. Niehaus, Z. Phys.

Electron Spectrosc. Relat. Phenafte be publishefd D 8, 35(1988.
[16] W. Domcke and L. S. Cederbaum, Chem. Phgs, 189  [27] M. Coville and T. D. Thomas, Phys. Rev. 48, 6053(1991).
(1977. [28] E. Hartmann, J. Phys. B1, 1173(1988.

[17] J. Nordgren, L. Selander, L. Pettersson, C. Nordling, and K[29] G. Herzberg,Infrared and Raman Spectroscogyan Nos-
Siegbahn, J. Chem. Phy&6, 3928(1982. trand Reinhold, New York, 1945pp. 107, 325, and 326.



