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Ab initio calculation of the vibrationally resolved O 1s photoelectron spectrum of CO2
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~Received 18 December 1997!

The oxygen 1s photoelectron spectrum for CO2 has been calculated usingab 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 results.@S1050-2947~98!08906-9#

PACS number~s!: 31.15.Ar, 33.20.Tp, 33.60.Fy, 33.70.2w
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Kivimäki et al. @1# have reported the vibrational structu
in the oxygen 1s photoelectron spectrum of CO2 as evidence
for dynamic localization of the core hole, predicted
Domcke and Cederbaum@2#. Although the qualitative evi-
dence for the effect is quite convincing, the quantitat
agreement between the experimental results and the pr
tions of Domcke and Cederbaum is not good. The latter p
dict a more extensive vibrational progression in the antisy
metric mode than is observed and significant excitation
the symmetric mode, whereas no evidence for this mod
seen in the experimental results. The discrepancies betw
theory and experiment are thought to arise because of the
of a one-particle model by Domcke and Cederbaum to
culate the appropriate coupling constants. Such an appr
ignores relaxation effects and overestimates the degre
vibrational excitation@1#. It is useful, therefore, to conside
the results of calculations that do not suffer from this dra
back. We have done this and find good agreement betw
our calculated spectra and the experimental data of Kivim¨ki
et al.

Our calculations useGAUSSIAN94 @3# with the 6-311 G**
basis set at both the Hartree-Fock~HF! and MP2@4# levels.
The core hole and its localization are simulated using
equivalent-cores approximation; that is, the core-ioniz
oxygen atom is replaced by an isovalent fluorine ion. The
fore, the calculations for the core-ionized species are don
FCO1. The electrostatic effect of the oxygen 1s core, with
only one electron, is simulated by the additional charge
the nucleus and two 1s electrons on the fluorine atom. Th
approach should give approximately the correct potential
the valence electrons, which determine the molecular ge
etry. Although we can expect failure of the equivalent-co
approximation when correlation between the core and
lence electrons is important, it has been successful in pre
ing vibrational structure in inner-shell photoelectron spec
@5–7#.

The calculations begin with geometry optimization
both CO2 and FCO1, followed by calculations of the vibra
tional frequencies and normal modes of these molecu
From the difference in geometry between the two molecu
and the vectors describing the normal modes, we obtain
changes in normal coordinates between the two species@8#.
Using these together with the harmonic oscillator approxim
571050-2947/98/57~6!/4971~3!/$15.00
ic-
e-
-
f
is
en
se
l-
ch
of

-
en

e
d
-

on

n

r
-

s
-

ct-
a

s.
s

he

-

tion and the calculated frequencies, we determine Fran
Condon factors for the excitation of both the symmetric a
antisymmetric stretching modes of the core-ionized m
ecule. Since such calculations are known to overestimate
vibrational frequencies, we have reduced our calculated
quencies according to the factors suggested by Scott and
dom @9# ~90.5% for the HF calculations and 94.6% for th
MP2 calculations!. The bond lengths and vibrational fre
quencies~scaled! that we have calculated are compared w
experimental values in Table I. The agreement between
periment and theory is quite good for the values ofn3 ~the
antisymmetric stretching frequency for neutral CO2! at both
the Hartree-Fock and the MP2 levels. In the core-ioniz
species the two methods bracket the value ofn3 reported by
Kivimäki et al. @1# and both theoretical values are within 5
of their experimental value. Similarly, the values for th
change in bond length on core-ionization bracket the va
determined from the results of Kivima¨ki et al. @1,10#.

To a first approximation, excitation ofn1 ~the symmetric
stretching mode! depends on the sum of the changes in bo
lengths,Dr CO1Dr CF. Since these are nearly equal and o
posite in sign we expect negligible excitation of these mod
in agreement with the results of Kivima¨ki et al. Our calcula-
tions of the Franck-Condon factors for this mode are
agreement with this expectation, indicating that 99% of
ionization leads to thev50 state of this mode. Excitation o

TABLE I. Results of electronic structure calculations for CO2

and FCO1.

CO2 FCO1

HF MP2 Expt.a HF MP2 Expt.b

r CO, pm 113.51 116.81 116.01 108.52 112.85
r CF, pm 117.88 120.20
n3 , cm21 2347 2337 2349 2522 2357 2475
Dr CO, pm 24.98 23.95 24.2
Dr CF, pm 4.38 3.39 4.2

aG. Herzberg and L. Herzberg, inAmerican Institute of Physics
Handbook, 3rd ed., edited by D. E. Gray~McGraw-Hill, New York,
1972!, pp. 7–186 and 7–191.
bRefs.@1#, @10#.
4971 © 1998 The American Physical Society
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n3 ~antisymmetric stretch! depends on the difference,Dr CO

2Dr CF, which is significant, in agreement with the predi
tions of Domcke and Cederbaum@2# and of Clark and Mu¨ller
@11#, and with the experimental results of Kivima¨ki et al. In
our prediction of the photoelectron spectrum, we consi
only this mode.

The measurements of Kivima¨ki et al. are made close to
threshold, and the spectra are modified by postcollision
teraction between the slow photoelectron and the fast Au
electron. We have used the theory of van der Straten, M
genstern, and Niehaus@12# to calculate the shape of the pho
toelectron lines. For this we have used an intrinsic linewid
~resulting from the core-hole lifetime! of 165 meV, as found
by Kivimäki et al. from fitting their data. These line shape
have been convoluted with a Gaussian resolution funct
with a width of 140 meV, and then convoluted with th
Franck-Condon factors from the vibrational calculations
give predicted photoelectron spectra. These have been fi
the experimental data of Kivima¨ki et al. @1,13# with overall
height, overall position, and a constant background as
only adjustable variables.

A comparison of the theoretical and calculated spectra
shown in Fig. 1, where we see that the agreement is q
satisfactory; the two theoretical curves closely bracket
experimental data. We see that, with a suitable calculation
the molecular parameters, there is good agreement betw
theory and experiment.

On the surface, it would appear that the approach we h
taken is quite different from that used by Domcke and Ce
erbaum@2#. However, within the limits of the linear coupling
model@14#, the two methods are equivalent, differing only
the details of how the molecular structure parameters

FIG. 1. Comparison of calculated and experimental photoe
tron spectrum for oxygen 1s ionization of CO2. The points repre-
sent measurements taken at a photon energy of 585 eV@1,13#. The
solid line has been calculated as described in the text at the M
level and the dotted line has been calculated at the Hartree-F
level.
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determined. To illustrate this point, we consider a harmo
oscillator model in dimensionless coordinates:Q, the dis-
tance coordinate, isRAmv/\, whereR is the normal coor-
dinate,m is the reduced mass for this coordinate, andv is the
vibrational frequency~all in conventional units!. Dimension-
less energies are measured in units of\v and the potential
energy is therefore equal toQ2/2. We restrict ourselves to a
model in which the vibrational frequencies are the same
the ground and core-ionized states; this restriction is impl
in the linear-coupling model.

In our approach, we determine the difference,DQ, be-
tween the locations of the potential energy minima for t
ground and core-ionized states. From the harmonic oscill
wave functions, it can be shown that the Franck-Condon f
tors for the excitation from the ground vibrational state of t
neutral molecule to any vibrational state of the core-ioniz
molecule are given by a Poisson distribution@15#:

I ~0→v !5
f v

v!
e2 f , ~1!

where f 5DQ2/2. This result is rigorous in the limit that th
frequency of the excited state is the same as that of
ground state.

In the treatment of Domcke and Cederbaum@2#, the ex-
pression forI (0→v) is the same as Eq.~1!, but f is equal to
k2 or l2 @16#, wherek andl are derivatives of the energy o
the core-ionized molecule,E* , with respect to the norma
coordinates:k5(]E* /]Q)0 /A2. The derivative is evaluated
at the equilibrium position of the ground-state molecule.
the harmonic approximation, (]E* /]Q)05DQ, with the re-
sult thatk5DQ/A2 and f 5DQ2/2, as before. Thus, at th
level of the harmonic approximation the two approaches
equivalent, differing only in how they use molecular ele
tronic structure theory to determine a value for the chang
normal coordinate.

Domcke and Cederbaum have made two important
proximations in evaluatingk andl. The first is to equate the
normal coordinates of the core-ionized stateQ to the normal
coordinates of the ground stateQ8. The second is to replac
(]E* /]Q)0 with 2(]e/]Q)0 , wheree is an appropriate or-
bital energy. The second approximation ignores relaxat
effects, which are significant, as has been noted@1,2#. The
first leads to an overestimation of the value ofk, the cou-
pling constant for the symmetric stretching mode. Our c
culations of the normal modes for neutral and core-ioniz
CO2 show that

QS851.04QS10.17QA , ~2!

QA8520.30QS11.01QA , ~3!

where the subscriptsS and A refer to the symmetric and
antisymmetric modes. The derivative of energy with resp
to the symmetric normal coordinate is given by the expr
sion

]E*

]QS
5

]E*

]QS8

]QS8

]QS
1

]E*

]QA8

]QA8

]QS
~4!
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with a similar expression for the other derivative. Fro
Domcke and Cederbaum,]E* /]QS850.098 eV and
]E* /]QA850.288 eV. Taking these, together with the app
priate coefficients from Eqs.~2! and ~3!, we find that
]E* /]QS50.015 eV, which is considerably smaller tha
the value of]E* /]QS8 . This result is in agreement with bot
ett
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the experimental observation and our theoretical calcula
that the symmetric mode is negligibly excited.

This material is based in part upon work supported by
National Science Foundation under Grant No. CH
9408368. We are indebted to Matthias Neeb for providing
with a set of data.
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