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Ab initio calculation of the vibrationally resolved O 1s photoelectron spectrum of CG
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The oxygen & photoelectron spectrum for Ghas been calculated usirap initio electronic structure
theory, a localized hole simulated by the equivalent-cores approximation, and the harmonic-oscillator approxi-
mation. The predicted spectrum is found to be in good agreement with a recently reported experimental
spectrum, and is in better agreement with the experimental spectrum than is an earlier prediction by Domcke
and Cederbaum. The equivalence of the approach taken here and that used by Cederbaum and Domcke is
discussed, as well as the reasons for the differences in the calculated f&1060-294{08)08906-9

PACS numbg(s): 31.15.Ar, 33.20.Tp, 33.60.Fy, 33.70w

Kivimaki et al.[1] have reported the vibrational structure tion and the calculated frequencies, we determine Franck-
in the oxygen % photoelectron spectrum of G@s evidence Condon factors for the excitation of both the symmetric and
for dynamic localization of the core hole, predicted by antisymmetric stretching modes of the core-ionized mol-
Domcke and Cederbaufi2]. Although the qualitative evi- €cule. Since such calculations are known to overestimate the
dence for the effect is quite convincing, the quantitativevibrational frequencies, we have reduced our calculated fre-
agreement between the experimental results and the predi@uencies according to the factors suggested by Scott and Ra-
tions of Domcke and Cederbaum is not good. The latter predom [9] (90.5% for the HF calculations and 94.6% for the
dict a more extensive vibrational progression in the antisymMP2 calculations The bond lengths and vibrational fre-
metric mode than is observed and significant excitation ofluenciegscaled that we have calculated are compared with
the symmetric mode, whereas no evidence for this mode igxperimental values in Table I. The agreement between ex-
seen in the experimental results. The discrepancies betwe@griment and theory is quite good for the valuesvgf(the
theory and experiment are thought to arise because of the ugatisymmetric stretching frequency for neutral g@t both
of a one-particle model by Domcke and Cederbaum to calthe Hartree-Fock and the MP2 levels. In the core-ionized
culate the appropriate coupling constants. Such an approadpecies the two methods bracket the value-pfeported by
ignores relaxation effects and overestimates the degree ¢fivimaki et al.[1] and both theoretical values are within 5%
vibrational excitation{1]. It is useful, therefore, to consider of their experimental value. Similarly, the values for the
the results of calculations that do not suffer from this draw-change in bond length on core-ionization bracket the value
back. We have done this and find good agreement betweetetermined from the results of Kivirkaet al.[1,10].
our calculated spectra and the experimental data of Kikima ~ To a first approximation, excitation of; (the symmetric
et al. stretching modedepends on the sum of the changes in bond

Our calculations useAUsSSIAN94[3] with the 6-311 G* lengths,Arcot Arcr. Since these are nearly equal and op-
basis set at both the Hartree-Fo¢kF) and MP2[4] levels.  posite in sign we expect negligible excitation of these modes,
The core hole and its localization are simulated using thén agreement with the results of Kivirkiaet al. Our calcula-
equivalent-cores approximation; that is, the core-ionizedions of the Franck-Condon factors for this mode are in
oxygen atom is replaced by an isovalent fluorine ion. Thereagreement with this expectation, indicating that 99% of the
fore, the calculations for the core-ionized species are done donization leads to the =0 state of this mode. Excitation of
FCO'. The electrostatic effect of the oxygers tore, with
only one electron, is simulated by the additional charge on TABLE 1. Results of electronic structure calculations for £O
the nucleus and twoslelectrons on the fluorine atom. This and FCO'.
approach should give approximately the correct potential fok
the valence electrons, which determine the molecular geom- CO, FCO"
etry. Although we can expect failure of the equivalent-cores
approximation when correlation between the core and va-
lence electrons is important, it has been successful in predict,., pm 11351 116.81 116.01 108.52 112.85

HF MP2 Expt® HF MP2  Expt?

ing vibrational structure in inner-shell photoelectron spectrg _ pm 117.88 120.20

[5-7]. cml 2347 2337 2349 2522 2357 2475
The calculations begin with geometry optimization ofAr pm —498 -3.95 -4.2

both CQ and FCO, followed by calculations of the vibra- Arge, pm 4.38 3.39 4.2

tional frequencies and normal modes of these molecules
From the difference in geometry between the two molecule$G. Herzberg and L. Herzberg, iAmerican Institute of Physics
and the vectors describing the normal modes, we obtain thdandbook 3rd ed., edited by D. E. GragcGraw-Hill, New York,
changes in normal coordinates between the two spé8ies 1972, pp. 7-186 and 7—191.

Using these together with the harmonic oscillator approxima®Refs.[1], [10].
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T T | T T determined. To illustrate this point, we consider a harmonic
oscillator model in dimensionless coordinat€y, the dis-
tance coordinate, iRVuw/#, whereR is the normal coor-
dinate,u is the reduced mass for this coordinate, and the
....... Hartree-Fock vibrational frequencyall in conventional units Dimension-
A — MP2 less energies are measured in unitsiaf and the potential
6000 A O measured . energy is therefore equal ©2/2. We restrict ourselves to a
model in which the vibrational frequencies are the same for
the ground and core-ionized states; this restriction is implicit
in the linear-coupling model.

In our approach, we determine the differend€, be-
tween the locations of the potential energy minima for the
ground and core-ionized states. From the harmonic oscillator
wave functions, it can be shown that the Franck-Condon fac-
tors for the excitation from the ground vibrational state of the
neutral molecule to any vibrational state of the core-ionized
molecule are given by a Poisson distributidrb]:
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wheref=AQ?/2. This result is rigorous in the limit that the

FIG. 1. Comparison of calculated and experimental phomelecfrequency of the excited state is the same as that of the
tron spectrum for oxygenslionization of CQ. The points repre- ground state.

sent measurements taken at a photon energy of 588 4\3]. The In the treatment of Domcke and Cederbal@ the ex-
solid line has been calculated as described in the text at the MP ression forl (0—v) is the same as E@l), butf is equal to
level and the dotted line has been calculated at the Hartree-Fo K2 or \2 [16], wherex and) are derivativés of the e%ergy of
level. o .

eve the core-ionized molecul&*, with respect to the normal

. . . coordinatesk = (JE*/9Q),/+/2. The derivative is evaluated
Vs (ant|symrnetrlc §trgt9hdepgnds on the dlff.erencA,rco . at the equilibrium position of the ground-state molecule. In
fArCF, which is significant, in agreement with the"predlc— the harmonic approximationgE*/dQ),=AQ, with the re-
tions of Domcke and Cederbaym@| and of Clark and Mllier sult thatk=AQ/\2 andf=AQ%2, as before. Thus, at the

[11], and with the experimental results of Kivikieet al.In |oy61 of the harmonic approximation the two approaches are
our prediction of the photoelectron spectrum, we Cons'deEquivalent, differing only in how they use molecular elec-

only this mode. e tronic structure theory to determine a value for the change in
The measurements of Kivirkaet al. are made close to ;

hreshold d th dified b llision i normal coordinate.

thresho ,ban the ;peclztra aLe mol ihed by zoim? 'S'CX' """ Domcke and Cederbaum have made two important ap-

telracnon V\?twheen the sdovr\]/ p hotoe ecftron ag tSe ast I\ljlg roximations in evaluating and\. The first is to equate the

electron. We have used the theory of van der Straten, Mors 4| coordinates of the core-ionized st@teo the normal

genstern, and Nieha(i$2] to calculate the shape of the pho- coordinates of the ground staf . The second is to replace
toelectron lines. For this we have used an intrinsic linewidth

X e (0E*19Q) with —(de/9Q) o, wheree is an appropriate or-
(resulting from the core-hole lifetimef 165 meV, as found | C .
by Kivimaki et al. from fitting their data, These line shapes bital energy. The second approximation ignores relaxation

have been convoluted with a Gaussian resolution functio effects, which are significant, as has been nqted]. The

i i : Tirst leads to an overestimation of the value ©fthe cou-
\l’:v'th "’L\g'dtg . f14? mer, a?ﬁ th%n i:_onvlolut?d IW,:th th? pling constant for the symmetric stretching mode. Our cal-
ranck-tondon factors from the vibrational calculalions 10, 44iqns of the normal modes for neutral and core-ionized
give predicted photoelectron spectra. These have been fit teoz show that
the experimental data of Kivinka et al. [1,13] with overall

height, overall position, and a constant background as the

only adjustable variables. Qs=1.0Qs+0.1Mx, @
A comparison of the theoretical and calculated spectra is
shown in Fig. 1, where we see that the agreement is quite QA=—0.30Qs+1.01Q,4, 3

satisfactory; the two theoretical curves closely bracket the

experimental data. We see that, with a suitable calculation ofyhere the subscript§ and A refer to the symmetric and
the molecular parameters, there is good agreement betwegRtisymmetric modes. The derivative of energy with respect

theory and experiment. to the symmetric normal coordinate is given by the expres-
On the surface, it would appear that the approach we havgjgn,

taken is quite different from that used by Domcke and Ced-
erbaum2]. However, within the limits of the linear coupling * * , * ,
model[14], the two methods are equivalent, differing only in JE = aE, &5 ‘QE, &_QA
the details of how the molecular structure parameters are dQs dQs dQs dQp Qs

4
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with a similar expression for the other derivative. Fromthe experimental observation and our theoretical calculation
Domcke and Cederbaum,dE*/9Qs=0.098 eV and that the symmetric mode is negligibly excited.

JE*19Q,=0.288 eV. Taking these, together with the appro-  This material is based in part upon work supported by the
priate coefficients from Eqgs(2) and (3), we find that National Science Foundation under Grant No. CHE-

dE*19Qs=0.015 eV, which is considerably smaller than 9408368. We are indebted to Matthias Neeb for providing us
the value ofdE*/9Qg. This result is in agreement with both with a set of data.
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