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Vibrationally Resolved O 1s Photoelectron Spectrum ofCO2:
Vibronic Coupling and Dynamic Core-Hole Localization

A. Kivimäki,* B. Kempgens, K. Maier, H. M. Köppe, M. N. Piancastelli,† M. Neeb, and A. M. Bradshaw
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany

(Received 12 November 1996)

The C and O1s photoelectron lines of the CO2 molecule in the gas phase have been measured
with vibrational resolution in the threshold region. The vibrational fine structure on the O1s line
is completely dominated by the antisymmetric stretching mode with a frequency of 307s63d meV.
This mode can be excited only via vibronic coupling, as predicted by Domcke and Cederbaum
[Chem. Phys.25, 189 (1977)], and provides a mechanism for dynamic core-hole localization. Relaxa-
tion effects are found to affect strongly the vibrational intensity distribution of the photoelectron line.
[S0031-9007(97)03784-8]

PACS numbers: 33.80.Eh, 33.60.Fy
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Electronic transitions in molecules are generall
accompanied by vibrational excitations. In the Born
Oppenheimer approximation they are usually consider
to be strictly separated in time, although this fundament
axiom is violated when vibronic coupling occurs, i.e.
when degenerate or nearly degenerate electronic states
coupled via a nontotally symmetric vibration. Vibronic
coupling thus opens up channels in photoabsorption
photoionization which would otherwise be dipole forbid
den. These channels can make a substantial contribut
to the excitation process, as has been shown in valen
level photoionization [1,2]. As a consequence of th
Franck-Condon principle, normally only totally symmetric
modes are observed in electronic spectra. In inner sh
photoionization of CH4, for example, the pronounced vi-
brational structure on the C1s line first observed by Gelius
et al. [3] contains only the symmetric C-H stretching
mode. Nontotally symmetric vibrations have, howeve
been observed recently in the core absorption spectra
C6H6 [4] as well as ofC2H4 and its isotopomers [4–6].
Such an observation in photoionization would be o
fundamental importance since vibronic coupling gives ris
to symmetry breaking and leads to a dynamic localizatio
of the core hole in molecules with equivalent atoms
This was predicted by Domcke and Cederbaum [7] wh
considered specifically O1s photoionization in CO2 and
showed that vibronic coupling should lead to a stron
excitation of the antisymmetric stretching mode. Vibra
tionally resolved electron spectroscopy has so far be
hampered at the O1s threshold by the insufficient photon
energy resolution and photon flux available on soft x-ra
monochromators at synchrotron radiation sources. In t
present study, we present measurements of both the C
O 1s photoelectron spectra of CO2 with vibrational reso-
lution and demonstrate for the first time the importanc
of vibronic coupling in core level photoionization, thus
confirming the prediction of Domcke and Cederbaum [7

The photoelectron spectra of the CO2 molecule were
measured on the X1B undulator beamline [8] at th
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National Synchrotron Light Source, Brookhaven Nationa
Laboratory. Recently, the mechanically ruled blazed gra
ing (800 linesymm) has been replaced by a holographi
cally manufactured laminar grating (also 800 linesymm)
which has resulted in a considerable improvement i
resolution and flux, particularly at photon energies abov
500 eV. The O1s photoelectron spectra were recorded
with the entrance and exit slit of the monochromato
set to 5 mm, which corresponds to resolution of about
100 meV. Pass energies of 10–15 eV were used for th
angle-resolving magic-angle cylindrical mirror analyzer
(CMA) [9], giving an electron kinetic energy resolution
between 80 and 120 meV. The C1s photoelectron
spectrum of CO2 was measured with a photon energy
resolution of ,80 meV and electron energy resolution
of ,60 meV. All measurements were normalized with
respect to the photon flux and target gas pressure.

The vibrationally resolved O1s photoelectron line of
CO2 measured at a photon energy of 554 eV is shown i
Fig. 1 (points). The spectrum has been fitted with a non
linear least-square fit procedure, the intrinsic line shap
of which derives its asymmetry from the phenomenon
of post-collision interaction (PCI) between the outgoing
slow photoelectron and the subsequently emitted Auge
electron. This asymmetry can be seen in the dashed lin
which represent individual vibrational components befor
convolution with the CMA and monochromator functions.
The final fit curve is shown as a solid line in Fig. 1.
From the fit of several spectra measured at different pho
ton energies a lifetime broadening of165 s610d meV is
obtained for the O1s core-ionized state in CO2. The vi-
brational energy is found to be307 s63d meV. The linear
CO2 molecule (point groupD`h) has four normal vibra-
tions: the totally symmetric stretching modesn1d of sg

symmetry, the antisymmetric stretching modesn3d of su

symmetry, and the two degenerate bending modessn2d of
pu symmetry. In the molecular ground staten1 ssgd and
n2 spud have considerably lower vibrational energies: 165
and 83 meV [10], respectively. On the other hand, th
© 1997 The American Physical Society
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FIG. 1. The vibrationally resolved O1s photoelectron spec-
trum of CO2 measured at a photon energy of 554 eV (points
Dashed lines show the individual fitted vibrational lines befor
convolution with the instrumental function. The solid line rep
resents the final fit.

ground-state frequency ofn3 is 291 meV [10]. In keep-
ing with the observation that vibrational energies chang
only marginally upon core ionization [11–14] we attribute
the vibrational fine structure of the O1s line to theanti-
symmetric stretching mode. Self-consistent field (SCF)
calculations for the O1s21 state of CO2 also give a simi-
lar vibrational energy (320 meV) for the antisymmetri
stretch [15]. The two O1s orbitals give rise to a bonding
and antibonding pair of molecular orbitalsf1sssgd and
f1sssud, the separation of which is actually only 1.5 meV
[7]. In addition to the coupling to the totally symmetric
stretching mode expected for the dipole-allowed Franc
Condon transition, Domcke and Cederbaum [7] show th
the sg and su core orbitals themselves may be couple
via the antisymmetric stretch ofsu symmetry. Because
of this nonadiabatic coupling process the total symm
try between the initial state, dipole operator, and the fin
state is still conserved but then3 mode also appears in the
vibrational fine structure.

Figure 1 also shows that the vibrational fine structu
on the O1s line can be described very well with only one
vibrational mode. In a fit allowing two vibrational pro-
gressions they  1 components of the symmetric stretch
n1, fixed to have a vibrational energy of 170 meV, ac
quires only a very low intensity (2% or less of the inten
sity of they  0 line). Moreover, the decomposition of
the experimental line shape with a maximum entropy pr
gram package [16] gave no indication of the totally sym
metric stretching mode. Thus, the vibrational envelop
of the O 1s photoelectron line appears to be complete
dominated by the antisymmetric stretching mode whic
becomes dipole allowed via vibronic coupling. Nordgre
et al. [17] have already obtained experimental evidenc
for vibronic coupling in CO2 by measuring x-ray emission
spectrum from the O1s21 state. From a Franck-Condon
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fit they concluded indirectly the excitation of the anti
symmetric stretching mode in the core-ionized interme
diate state. By measuring the vibrationally resolved O1s
photoelectron spectrum, however, the vibronic couplin
between the two O1s core orbitals can be observed im-
mediately, giving quantitative information on the coupling
strength, vibrational energy, cross section, and asymme
parameter. The photon energy dependence of the ab
lute cross section and asymmetry parameterb for the in-
dividual vibrational components will be reported in a late
paper [18].

The vibrational coupling constants and other param
ters calculated by Domcke and Cederbaum [7] are com
pared with the experimental ones in Table I. Whereas t
experimental spectrum has its highest intensity in the v
brational ground state of the core-ionized molecule, th
calculated spectrum would peak at the first vibration
componentsVsu

 1d and is characterized by a broade
vibrational envelope. The difference can be explaine
by the strength of relaxation: A more effective relaxa
tion reduces the vibrational coupling constant and, co
sequently, the intensity of higher vibrational componen
[19]. The experimentally determined coupling constan
fu  0.56 is indeed much smaller than the calculate
one (0.98). The dominance of the antisymmetric stretc
ing was correctly predicted, but the symmetric stretch
ing mode still acquired considerable intensity in th
calculationss fg  0.32d. Since the latter were based on
a one-particle approximation, relaxation effects were n
included. Using the harmonic potential approximatio
and the Franck-Condon factors, we determine the geom
try shift in the antisymmetric stretching direction to be
0.055 6 0.005 Å (see Table I), confirming the previous
result obtained from the x-ray emission spectrum [17].

In contrast to the calculations of Domcke and
Cederbaum [7], Clark and Müller [15] did not take
into account vibronic coupling. Instead, they assume
that the core hole itself breaks the symmetry of th
molecule, resulting in an excitation of the antisymmetri
vibration which is symmetry allowed in the point group
of the ion. Recently, however, Glanset al. [20] have
demonstrated in a study of the x-ray emission spect
of the O2 molecule that the creation of the core hole
alone does not break the symmetry. They observed th
the selection rules based on the inversion symmetry
homonuclear diatomic molecules are still valid even whe
the core hole is filled by the x-ray emission process. I
contrast to core ionization inO2, vibronic coupling in CO2

can occur simultaneously with ionization and provides th
mechanism for the breaking of the inversion symmetr
This may be understood in a simple way as follows: I
the sudden approximation O1s ionization implies that
both the1sg and 1su derived states are simultaneously
created. As described above, they are coupled via t
nontotally symmetric mode. If this coupling were ne
glected the states could be treated independently, a
999
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TABLE I. Spectroscopic constants for the O1s21 state in CO2.

Theory Experiment

Lifetime broadening [meV] – 165 6 10
Vibrational energy [meV] 320a 307 6 3
Change in equilibrium bond distance 0.12b 0.055 6 0.005

along thesu coordinatefÅg 0.05 6 0.01 c

Vibrational coupling constantsfsu , fsg 0.98, 0.32b 0.56, ,0.02
Franck-Condon factors (%) 38y37y18y6y1b 58y32y9y2y0

O 1s21sysu  0y1y2y3y4d √ GSsy  0d
aRef. [15].
bRef. [7].
cRef. [17].
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the ionization transition would lead to the excitation of to
tally symmetric modes in the usual way. Owing to th
coupling, however, the antisymmetric stretching vibratio
leads to dynamical symmetry breaking of the CO2 mol-
ecule. Asymmetric forces are exerted on the nuclei a
all three begin to move asymmetrically relative to the fo
mer inversion point. The local symmetry is reduced fro
D`h to C`n , the two oxygen atoms are no longer equiva
lent, and the vacancy localizes on one atom. Formal
the very nearly degenerate1sg and1su orbitals separate
into the nondegenerate1s and2s orbitals within theC`n

point group. The molecular ion will therefore be left in
a more stable state when ionization formally occurs fro
the1su orbital, which transforms nominally into the “anti-
bonding”2s orbital. This is confirmed by the vibrational
energy which is higher in the ionic state than in the mole
ular ground state. However, the full symmetry of the re
sulting vibronic eigenstates of the ion remainsD`h: We
encounter a (incoherent) superposition of two asymm
ric motions, one in the state with the vacancy on the le
oxygen and one in the state with the vacancy on the rig
oxygen. Because of this dynamical localization, the an
symmetric mode is excited as if it were totally symmetric

Vibronic coupling is expected to occur only in ioniza
tion from nearly degenerate equivalent core orbitals: T
C 1s photoelectron spectrum of CO2 should reveal only
the symmetric stretching mode. The high resolution C1s
spectrum, measured athn  313 eV, is shown in Fig. 2.
Despite the higher overall resolution, the vibrational fin
structure is far less distinct than in the O1s spectrum, im-
plying a much lower vibrational frequency. From the fi
a lifetime broadening ofG  78 s615d meV and a vibra-
tional spacing of161 s67d meV are determined for the C
1s21 state. The former is in good agreement with th
G  70 6 20 meV obtained by Nordgrenet al. [17].
The measured vibrational energy (161 meV) lies clo
to both the frequency of the totally symmetric stretchin
mode in the molecular ground state (167 meV) and t
calculated value of 170 meV [15]. As expected, there
no indication of a second vibrational progression.

The bending modessn2d have quite a low vibrational
frequency (83 meV in the molecular ground state), b
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should not appear anyway in the O1s and C 1s
photoelectron spectra: The core orbitals in CO2 are
of pure s symmetry and thus cannot couple with the
bending modes which transform underp symmetry [7].
If, however, a1s electron is excited into a degenerate
orbital of p symmetry the excitation of the bending mode
becomes allowed through vibronic coupling in the valenc
orbital space. This Renner-Teller effect [21] remove
the degeneracy of the excited2pu orbital in CO2 and
results in the bending of the molecule. In theO1s ! 2pu

excitation of CO2 all four vibrational modes may appear
due to the degeneracy of both the valences2pud and O
1s core orbitalss1sg, 1sud, whereas in the C1s ! 2pu

transition the antisymmetric stretching mode should no
be excited. So far, we have not been able to distinguis
any vibrational fine structure in the C or O1s212pu

absorption lines even under high resolution conditions
probably indicating the complexity of the vibrational
excitations in the absorption profile.

In conclusion, we have measured the C and O1s
photoelectron lines of the CO2 molecule with vibrational

FIG. 2. The C1s photoelectron spectrum of CO2 measured at
a photon energy of 313 eV (points). Dashed lines show th
individual fitted vibrational lines before convolution with the
instrumental function. The solid line represents the final fit.
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resolution. The O1s spectrum is completely dominated
by the antisymmetric stretching mode with a vibrationa
frequency of307 6 3 meV. This mode would normally
be dipole forbidden, but is observed as a result of vibron
coupling which effectively breaks the symmetry of th
molecule and leads to dynamic core-hole localizatio
The electronic relaxation is found to be much strong
than predicted.
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