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Photoexcitation and Auger decay of the Renner-Teller split C 1sÀ1 pu* state in CO2
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~Received 10 December 1999; published 15 August 2000!

The broad ('700 meV! C 1s→pu* resonance in the absorption spectrum of CO2 has been decomposed into
contributions from two Renner-Teller split core-excited states with bent and linear equilibrium geometries
using resonant Auger spectroscopy. The C 1s21 p* excited state was found to decay primarily via partici-
pator Auger transitions to theA 2Pu state of CO2

1 . Analysis of the vibrational structure in the high-resolution
Auger spectra, measured at several photon energies across the broad C 1s→pu* resonance, was accomplished
using calculated Franck-Condon factors for the electronic excitation and de-excitation processes. Estimations
of the geometries of the Renner-Teller split core-excited states were obtained from a comparison of the
calculations with the resonant Auger spectra. Transitions to the bent core-excited state were found to contribute
to the absorption profile exclusively at the photon energies below the maximum of the C 1s→pu* resonance,
whereas the linear core-excited state becomes accessible at higher photon energies. The symmetric stretch
vibrational progression of the linear core-excited state was identified and assigned. The minimum of the
potential energy surface of the C 1s21p* core-excited state at its linear configuration was estimated to be
290.4 eV above the ground vibrational level of the ground electronic state of CO2.

PACS number~s!: 33.80.Eh, 33.20.Tp, 82.80.Pv
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I. INTRODUCTION

Molecular inner-shell photoabsorption spectra usually
hibit prominent pre-edge structures due to the excitation
core electrons to unoccupied molecular orbitals. Core e
tations in diatomic molecules usually give rise to peaks w
well resolved vibrational progressions, such as the cas
CO @1–3#. Similar transitions in the photoabsorption or ele
tron energy loss spectra of triatomic and larger molecules
often unresolved and considerably more difficult to interpr
mainly because of the larger number of vibrational mod
that can be excited. In the case of CO2, for example, the
symmetric stretch (v1), bend (v2), and asymmetric stretch
(v3) vibrational modes are to be considered. Excitation
the carbon 1s electrons of CO2 to thepu* molecular orbital
gives rise to a broad peak in the absorption spectrum, w
no resolved vibrational structure@1,4#. Consequently, it is
not possible to study in detail the vibronic excitations of t
C 1s→pu* transitions in the photoabsorption spectrum a
characterize the potential energy surfaces of the 1s21 pu*
state.

A qualitative understanding of the core-excited states
molecules can be gained from theZ11 model, since the
excited core electron is essentially added to the valence e
tronic structure of the molecule and the core hole appro
mates the increased nuclear charge of theZ11 atom. The
Z11 analogy for the C 1s21 pu* state of CO2 is the ground
electronic state of the NO2 molecule. It is well known that
the lowest energy configuration of NO2 has a bent equilib-
rium geometry with a 134° O-N-O bond angle and forms
Renner-Teller split pair with a higher-energy linear state@5#.
The Renner-Teller splitting removes the twofold degener
of the p orbital upon bending of the molecule@6,7#. It is
reasonable to assume that the C 1s21 pu* state of CO2 is
also separated by Renner-Teller splitting into two states
1050-2947/2000/62~3!/032708~9!/$15.00 62 0327
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shown in Fig. 1@4#. The lower-energy state has a bent eq
librium geometry and is realized in the case of excitations
thep* orbitals that lay in the bending plane of the molecu
(p in* ). The higher-energy linear state is formed by excitatio
to the out-of-plane (pout* ) orbitals. Thep in* andpout* orbitals
correspond to thea1 and b1 orbitals in C2v symmetry, and
according to this notation the bent and linear states are
beledA1 andB1 in this study, respectively.

Recent experiments measuring angle-resolved ion y
spectra following core-excitation and molecular dissociati
have been able to partially resolve the underlying structure
the C 1s→pu* absorption peak@8#. Such experiments are
able to distinguish between the excitations to the bent
linear states, but not to resolve any vibrational structure

FIG. 1. A schematic representation of the electronic states
volved in the core-excitation and Auger decay, showing the pot
tial energy curves along the bond angle of the molecule. The ge
etry of thepu* orbital of the excited electron in the C 1s21 pu*
state is shown to the right.
©2000 The American Physical Society08-1
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the C 1s21p* peak. Electron-ion coincidence experimen
provide an alternative method for studying the dynamics
the core-excitation process, as demonstrated by recent
surements@9#, where the production of the ionic fragmen
of molecular dissociation was seen to undergo dram
changes when the photon energy of the excitation was tu
to different regions of the C 1s→pu* resonance peak. Thes
effects were shown to relate directly to the changes in m
lecular summetry during the core excitation and to the ex
tation of different vibrational modes. The study demo
strated that the vibrational excitations during the Cs
→pu* transitions are strongly photon energy dependent.

Core-excited states decay mainly by the resonant Au
process, which can be generally divided into spectator
participator transitions. The former populate two-hole, o
excited-electron final ionic states that are inaccessible by
rect photoemission but can only be reached by weak sate
transitions. The participator transitions~autoionization! lead
to single-hole ionic states that appear also in nonreso
valence photoelectron spectra. Consequently, the nuclea
ometries of these final states are well known, which make
possible to use the participator Auger electron spectra
characterize the potential energy surfaces of the intermed
core-excited states. The aim of this paper is to study
vibrational structure of the participator Auger spectra of
decay of the C 1s21 pu* core-excited state as a function
photon energy by means of high-resolution electron spect
copy. Such a study yields selective information about diff
ent regions of the core-excited state, that are unresolve
the broad photoabsorption peak. This allows one to probe
potential energy surfaces of the two Renner-Teller split sta
A1 andB1 and, furthermore, to assess the vibrational exc
tions that occur during the carbon 1s photoexcitation pro-
cess.

II. EXPERIMENT

The experiment was performed at the Advanced Li
Source at Beamline 9.0.1. Soft x-ray radiation generated
10 cm period, 4.55 m long undulator was monochromati
by a spherical grating monochromator~SGM! using a grating
of 2100 lines/mm groove density. Total ion yield spec
were measured using a gas cell into which the photon b
entered through a 1000 Å thick Al window. The pressure
the target gas was 1–2 Torr. The ion current was dete
from two 15 cm long electrodes placed at both sides of
gas cell. An apparatus based on a Scienta SES-200 h
spherical energy analyzer was used for measuring the e
tron spectra@10#. The target gas was introduced into a g
cell with differentially pumped openings for the photo
beam. The end station is separated from the UHV of
beamline by several differential pumping stages, permitt
the use of sample gas pressures up to 1022 Torr within the
gas cell. In order to utilize the high resolution of the analyz
in full, the gas cell is equipped with electrodes to compens
for surface potential gradients@11#.
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III. RESULTS AND DISCUSSION

A. Total ion yield spectrum

A CO2 molecule in its electronic ground state
. . . 3sg

22su
24sg

23su
21pu

41pg
4(1Sg

1), can be resonantly ex
cited to the Renner-Teller split C 1s21 pu* (1Pu) state by a
photon of about 290 eV energy. The total ion yield spectr
measured over the C 1s→pu* resonance is shown in Fig. 2
The spectrum was taken with 10 meV energy steps at
meV photon energy resolution and the energy scale was
brated using the 290.77 eV peak maximum position fro
Tronc et al. @1#. The overall shape of the resonance can
described by a Voigt profile with 700 meV full width at ha
maximum ~FWHM!, although it is slightly asymmetric to
wards the high photon energy side. This is in general acc
with the results of Adachiet al. @8#, who reported the
HWHM of 290 and 350 meV for the lower and higher e
ergy sides of the peak, correspondingly. The low-energy s
of the peak is entirely structureless, whereas some weak
cillations can be observed at the high-energy side.

In order to determine the peak positions for these osci
tions, a broad Voigt function was first subtracted from t
spectrum. The residual signal, shown in Fig. 2~b!, was then
fit with a manifold of narrower Voigt profiles. During the
fitting procedure, the spacing between the peaks was
equal and a value of 151 meV was obtained for this spac
with the first peak at 290.86 eV. The structure in Fig. 2~b! is
probably due to a vibrational progression. To our knowled
no calculations of the vibrational energies and potential
ergy surfaces are available for the C 1s21 pu* core-excited
state. An estimate for the energies of the vibrational qua
for the C 1s21 pu* core-excited states of CO2 can be ob-
tained, using theZ11 model, from the bent ground elec
tronic state and its linear Renner-Teller split counterpart

FIG. 2. ~a! Total ion yield spectrum over the carbon 1s→pu*
resonance in CO2. Vertical bars mark the energies at which th
Auger electron spectra were measured. The excitations energie
the spectra in Fig. 3 are labeled~A!–~G!. ~b! Least-squares fit of the
residual structure on the high-energy side of the peak after subt
ing a broad Voigt profile.
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the NO2 molecule, based on theZ11 model~see Table I!. A
comparison to our vibrational spacing of 151 meV sugge
that this progression is due to symmetric stretch vibration
the linearB1 state. We will return to the assignment of th
peaks to specific vibrational levels in conjunction with t
analysis of the Auger electron spectra.

B. Resonant Auger electron spectra; general features

The C 1s21 pu* core-excited state decays via Auger tra
sitions mainly to the low-energy CO2

1 states. We measured
series of Auger electron spectra at different photon ener
across the C 1s→pu* absorption peak, marked by the ver
cal lines in Fig. 2. A subset of these spectra, taken at
photon energies~A!–~G!, is displayed in Fig. 3. In addition
a nonresonant valence photoelectron spectrum~V! taken well
below the C 1s21 pu* resonance is shown. The binding e
ergy scale of Fig. 3 was calibrated using the average valu
13.787 eV for the two spin-orbit split components of t
lowest~000! vibrational level of the ionicX 2Pg state@12#.
The binding energy range of Fig. 3 covers theX 2Pg ,
A 2Pu , B 2Su

1, andC 2Sg
1 final states of CO2

1 . Among
these, strong resonant enhancement is observed only fo
A 2Pu state, which also shows dramatic changes of the
brational envelope at different photon energies. In contr
the lowest,X 2Pg state shows only minor changes in th
intensity ratios of the vibrational peaks. According to m
lecular orbital theory, the carbon 2p orbital is involved in
forming the pu valence molecular orbital, whereas thepg
orbital is formed only by two oxygen 2p orbitals. The over-
lap of the latter with the carbon 1s hole is small and the
partial Auger decay rate to theX 2Pg state is thus expecte
to be low. The resonant behavior of theB 2Su

1 state is more
difficult to determine due to overlap with the higher vibr
tional levels of theA 2Pu state. Curve fitting results indi
cate that its behavior is similar to that of theX 2Pg state.
In the following analysis, only transitions to theA 2Pu state
are considered.

TABLE I. Vibrational characteristics of the ground, cor
excited, and final ionic states of CO2 that are involved in the pho
toabsorption and Auger decay processes.

Grounda A1
b B1

b A 2Pu
c

Bond angle~deg.! 180 134 180 180
r e ~Å! 1.160 1.16d 1.22d 1.224e

\v1 ~meV! 165.3 185.2 156.1 140.0
151d

\v2 ~meV! 82.7 101.7 55.3
\v3 ~meV! 291.7 239.5 243.2

aWilson et al. @15#.
bAdachi et al. @8#, from NO2 according to theZ11 model. The
vibrational energies are mass-corrected where appropriate.
cBaltzeret al. @12#.
dThis work.
eThis work, using the valence photoelectron spectrum of Ref.@12#.
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A portion of the spectrum~E! from Fig. 3, taken at the
peak of the C 1s21 pu* resonance, is expanded in Fig.
The solid curve through the data points represents a le
squares fit of vibrational peaks to theA 2Pu and B 2Su

1

bands. The symmetric stretch progression (v100) was found
to be the dominant structure in the nonresonant photoe
tron spectrum@12# of the A 2Pu state and was included in
our fit, with the peak energies fixed to the values given
Ref. @12#. The spin-orbit splitting of the 2Pu state is small
~11.8 meV! and the two components were represented
only one peak in our fit. The high-resolution photoelectr
spectrum@12# also contains a large number or peaks assig
to the combination bands (v120) with two quanta of the
bending mode excited, hot band transitions and vibronic
teraction of the electronic state with the bending mode. T
(v120) transitions also contribute significantly to the valen
photoelectron spectrum@12#. Separation of the (v120) and
(v100) series is, however, difficult due to the near deg
eracy of the symmetric stretch and bending mode frequ
cies of theA 2Pu ionic state (\v1'2\v2). The (v120)
transitions were included in the fit with peak energies fro
Ref. @12#. The intensity ratiosI (v120)/I (v100) were kept

FIG. 3. Resonant Auger electron spectra. Labels refer to
photon energies in Fig. 2. Also shown is a nonresonant vale
photoelectron spectrum (V), taken at 280 eV photon energy. Th
spectral intensities are normalized to theX 2Pg lowest vibrational
peak.
8-3
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equal for all values ofv1. Equal Gaussian linewiths wer
assigned to the peaks belonging to the same progres
This set of peaks and constraints was found to describe
experimental spectrum adequately, as illustrated by the
respondence of the experimental and modeled spectra in
4. The main structure of Fig. 4 is assigned to (v100)A 2Pu

peaks with the (v120) transitions having considerably le
intensity @,20% of the corresponding (v100) peaks#.

The spectrum becomes even more complex above 18
binding energy due to overlap with theB 2Su

1 state. How-
ever, the intensity of the~100!1~020! peak of theB 2Su

1

state is much smaller than that of the ground level~000!
peak, which indicates that this vibrational progression dec
very rapidly and the structure between 18.5 eV and the o
of the C 2Sg

1 state at about 19.4 eV results from high
vibrational levels of theA 2Pu state. This region of the
spectrum shows a smooth, enhanced background, whic
apparently a resonant feature, since it is missing in the n
resonant photoelectron spectrum~V! of Fig. 3.

As seen from the analysis of the Auger spectrum in Fig
the strongest vibrational structure observed in the Au
spectra can be assigned mainly to thev1 vibrations of the
final ionic stateA 2Pu , with some contribution from the
(v120) combination bands. The relative intensity of t
peaks in theA 2Pu band changes dramatically as the phot
energy is scanned over the resonance. Figure 5 diplays
relative intensities of the five lowest vibrational levels of t
A 2Pu state. The behavior of the vibrational progressi
changes markedly at about 290.5 eV photon energy. Be
that energy, only minor and gradual changes of the inten
distribution occur. Above 290.5 eV, the vibrational structu
starts changing rapidly, while the intensity is transferred
the higher members of the series. At even higher pho
energies, the intensity distribution again approaches the n
resonant case.

FIG. 4. A least-squares fit of theA 2Pu and B 2Su
1 states in

the Auger electron spectrum~D! of Fig. 3.
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C. Vibrational wave functions and Franck-Condon factors

To complete the vibrational analysis and assignment
the total ion yield and Auger electron spectra, calcula
Franck-Condon factors are needed. However, a deta
analysis of vibrational levels, potential energy surfaces,
teractions between different vibrational modes and vibro
couplings would be excessive, since such level of detail c
not be obtained from the Auger electron nor the ion yie
spectra. We therefore employed a simple model, neglec
interactions between different vibrational modes and
tween the vibrational and electronic wave functions.

Since both the photoexcitation and Auger decay invo
electronic states that have inversion symmetry, excitation
the asymmetric stretch (v3) mode are assumed to be neg
gible and will not be considered in our analysis. For t
symmetric stretch (v1) mode, the simplest description i
based on the one-dimensional harmonic oscillator model.
used a numerical integration of the Shro¨dinger equation to
obtain energy levels and wave functions, permitting the
of more complex forms of the potential, if needed.

Calculating the wave functions for the bending vibration
mode is a more complicated task, since the model must
scribe states with linear as well as bent equilibrium geo
etry. The potential energy curve of the bent core-excited s
as a function of the O-C-O angle has a double-well sh
and cannot be represented by a quadratic form. Con
quently, the motions in the two transverse Cartesian coo
nates cannot be separated and the simplest model of do
degenerate one-dimensional harmonic oscillators is inva
Therefore, the two-dimensional Shro¨dinger equation was
solved for the bending vibrations in polar coordinatesx
5r cosf,y5r sinf), where the radial and angular coordina
can be separated for any form of cylindrically symmet
potential. In polar coordinates, the Shro¨dinger equation has
the form

FIG. 5. Relative intensities of the first five peaks of theA 2Pu

symmetric stretch progression in the Auger spectra, as a functio
photon energy.
8-4
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H 2
\2

2mF1

r

]

]r S r
]

]r D1
1

r 2

]2

]f2G1V~r !J ur~r !uf~f!

5Eur~r !uf~f!, ~1!

or, after substituting the eigenvalues of the angular mom
tum operator2 i\(]/]f),

H 2
\2

2m F1

r

]

]r S r
]

]r D G1
\2

2m

ml

r 2
1V~r !J ur~r !uf~f!

5Eur~r !uf~f!, ~2!

whereml is the angular momentum quantum number. T
angular part of the wave function can be easily obtain
from Eq. ~2! and has the formuf(f)5eimlf, ml50,61,
62, . . . . Before solving the radial part of the Shro¨dinger
equation, a substitutionR(r )5r 1/2ur(r ) was made, so tha
the radial Shro¨dinger equation acquires a more convenie
form

2
\2

2m

d2R~r !

dR~r !2
1S \2~4ml

221!

8mr2
1V~r !D R~r !5ER~r !.

~3!

The radial coordinater corresponds to the distance of th
C atom from the line joining the two O atoms and the ma
m in Eq. ~3! is the reduced mass of the molecule for tran
verse oscillations

m5
2mOmC

2mO1mC
. ~4!

The energies and wave functions were obtained by
merical integration of Eq.~3!, adopting a procedure de
scribed by Cowan@13#. For the ground state of the CO2
molecule, using the force constants by Chedin@14#, our
model yielded\v2582.5 meV, in good agreement with th
experimental value of 82.7 meV@15#. A test calculation for
bent geometry~ground state of NO2, using the potential by
Tashkunet al. @5# shows that our model gives a value f
\v2 about 25% larger than the accepted value at the bot
of the double well. The discrepancy is probably due to
fact that, if the molecule is regarded as a rigid bender, th
atoms acquire a component of velocity along the O-O line
larger deviations from linear geometry. Equations~1!–~3!,
however, describe only motions in the transverse pla
Probably the most important simplification of the model
that the coupling between the electronic angular momen
L and the angular momentum of the bending vibrationsml is
not taken into account. This coupling results in splitting
energy levels, which are then labeled by the total angu
momentumK5u6L6ml u, but the influence of this pertur
bation on the shape of the vibrational wave functions a
Franck Condon factors is expected to be minor.
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D. Auger decay of the bent core-excited state

1. Symmetric stretch vibrations

The behavior of the vibrational structure in the Aug
spectra can be related to the decay of the bent or linear c
excited intermediate states. According to theZ11 analogy,
the bentA1 state is expected to be populated at the low
photon energy side of the absorption peak, while the lin
B1 state becomes accessible only at higher photon ener
@4#. This assumption is also supported by recent ang
resolved ion yield measurements@8#. The photon-energy-
independent behavior of the vibrational structure in the A
ger electron spectrum at lower photon energies there
reflects the properties of the bentA1 state. The intensity dis-
tribution of theA2Pu vibrational peaks of the spectra~A!–
~C! of Fig. 3 is very similar and does not differ significant
from the intensity distribution in the nonresonant spectr
~V! ~see also Fig. 5!. This similarity between the resonan
and nonresonant spectra indicates that the potential en
surfaces in the coordinate of the symmetric stretch are s
lar for the linear ground and bentA1 core-excited states an
particularly, that the equilibrium bond lengths of both sta
must be nearly equal. We can therefore tentatively assign
ground electronic state valuer e'1.16 Å to the core-excited
A1 state. Consequently, photoabsorption from the grou
state excites mainly the lowest vibrational level of the sy
metric stretch mode of theA1 state. The breadth of the ab
sortion profile below the resonance maximum is theref
due to the excitations of other vibrational modes, as d
cussed below.

2. Bending vibrations

Strong excitation of the bending mode is expected dur
photoexcitation from the ground state to theA1 state, since
the geometry changes from linear to bent. During the Au
decay from the highly excited bending vibrational levels
the core-excited state, the molecular geometry reverts b
to linear. In order to study thev2 transitions under such
circumstances, we have calculated Franck-Condon fac
for the photoexcitation and Auger decay. A quadratic fo
V(u)5 1

2 f u(u2ue)
2, ue5180° of the potential energy as

function of the bond angleu was used for the ground an
final ionic states, with the vibrational constants\v2 as given
in Table I. No experimental or theoretical data is availab
to our knowledge, about the more complex double-well p
tential of theA1 core-excited state. To calculate the ener
levels and wave functions for that state, we used the poten
energy surface for the ground state of NO2 by Tashkun and
Jensen@5# in the form

V~u!5(
i

f ( i )~cosu2cosue!
i , ~5!

with the constantsf (2)59.783 eV, f (3)5210.974 eV, f (4)

527.305 eV, andue5133.77°. The potential energy curve
were then converted to the transverse displacement coo
nater for use in Eq.~3! and the bond length of the groun
state of CO2 was used.
8-5
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The potential energy curve and energy levels for thev2
vibrations of theA1 state are shown in Fig. 6~a!. The energy
levels of the vibrational states with the angular moment
ml50, 1, and 2 are shown by solid, dashed, and dotted lin
respectively. The states of different angular momentum
degenerate near the bottom of the potential energy well,
this degeneracy is removed near the central maximum, w
the wave functions can penetrate through the potential
rier at 180°. Eventually, at still higher energies, the sta
with ml50 and 2 again become degenerate, as would be
case for two-dimensional harmonic oscillator. Neglecting
bronic coupling, only transitions to states withml50 are
allowed from the~000! level of the ground electronic state
which has no angular momentum. However, the states w
ml51 and 2 can become accessible through the couplin
the electronic (L51 for the 1s21pu* state! and vibrational
angular momenta, and were therefore included in the ca
lation.

The right-hand panel of Fig. 6~a! shows the calculated
Franck-Condon factors for the(000)→(0,v2

0,0) vibrational

FIG. 6. Potential energy curves along the bond angle of the~a!
bentA1 core-excited state and~b! linearA 2Pu ionic state, together
with the energy levels of the bending vibrations. The vibratio
wave functions corresponding to some levels are also shown.
right-hand panels display the calculated Franck-Condon factor
the bending mode vibrations for~a! ground-to-A1 photoexcitation
and ~b! A1-to-A 2Pu Auger decay.
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transitions for the ground electronic state excitations to
A1 state~superscript denotes the vibrational angular mom
tum!. As an example, a radial wave function of thev2511
vibrational state is also shown. As expected, only the lev
with amplitude near the central maximum have significa
overlap with the ground state. The Franck-Condon fact
for the higher angular momentum states~not shown in the
figure! decrease less rapidly above 1.5 eV than those for
zero-angular-momentum states.

It has therefore been established that only thosev2 energy
levels within a range of about 0.5 eV around the cent
maximum of the potential energy surface of theA1 state are
populated in the photoabsorption and play an important r
in the Auger decay. Although we calculated Franck-Cond
factors for a large number of C 1s21pu* A1(0,v2

ml,0)

→A 2Pu(0,v2
ml,0) Auger transitions, for clarity only transi

tions originating from one vibrational level of the core
excited state are shown in Fig. 6~b!. The core-excited state
vibrational wave functions have the largest overlap with
v250 level of the final state. Then follows a range of weak
populated levels until again a considerable overlap occ
with the high-energy levels at around 2 eV above thev2
50 level. This is general behavior of the decay of all vibr
tional levels of the core-excited state near the central m
mum, since large overlap occurs if the classical turn
points of both levels match. If the natural broadening of t
core-excited state~98 meV@16#! and the finite photon band
width ~about 75 meV! is taken into account, then it is clea
that each Auger electron spectrum originates from sev
closely spaced vibrational levels of theA1 state. Since the
decay of each of those levels populates strongly the low
level of the final electronic state, but more weakly the ne
levels, a distinctv1 progression, accompanying the trans
tions to thev250 level, should appear in the Auger electro
spectra. On the other hand, exactly which high-energyv2
levels of the final state have the secondary Franck-Con
maximum, depends on the vibrational level of the co
excited state. As each of those transitions is accompanie
its own v1 progression, the vibrational structure in the hig
binding energy part of the spectrum becomes unresolv
Furthermore, as shown in a recent theoretical study of
CO2 ion @17#, the higher vibrational levels of theA 2Pu
along the bending coordinate are perturbed due to avo
crossing with the (3)2Pu state. This perturbation can resu
in a highly irregular congestion of thev2 levels, which
would appear as a continuous background in the elec
spectra.

These predictions are indeed supported by the experim
tal results. The spectra~A!–~C! in Fig. 3 show a well-
resolved vibrational structure, assigned to thev1 progression
accompanying the transitions to thev250 level, and a high-
binding-energy tail that extends to the nextC 2Sg

1 band.
The present findings are consistent with the results

electron-ion coincidence measurements@9#, where enhanced
production of theO1 ionic fragments was observed at th
photon energies below and at the C 1s→pu* resonance
maximum, as a result of the preferential excitation of t
bending mode at these excitation energies.

l
he
of
8-6



low
n
y
o

5

gy
o

d
tro
g
o

s
A

o
-
in
u

m
d
s
th
it
ge
r t
ne
ng
n

ar

b
v
u

e
r
m
th

t

rg

ru
y

s

s
he

u-
ms.
ct
uch

ro-

u-

fer-
influ-
of

and
ents
ari-

the
he
ajor
ey
een

ay
m
the
re-
an-
e
c-
for
lu-
ng
Au-

des
to

lu-
m
-
ys
ed

ser
out
t in

c-
he
the
s

uld
ere

gn-

PHOTOEXCITATION AND AUGER DECAY OF THE . . . PHYSICAL REVIEW A 62 032708
E. Auger decay of the linear core-excited state

1. Symmetric stretch vibrations

Starting from the photon energies about 300 meV be
the peak of the 1s21pu* resonance, the intensity distributio
of the vibrational peaks of theA 2Pu state changes rapidl
with the photon energy. We attribute this new behavior t
change over from the decay of theA1 core-excited state to
the decay of theB1 state. It can be seen from Figs. 3 and
that in the spectra~D!–~G! there is a very rapid falloff of the
intensity of the vibrational peaks at the low binding ener
side of the progression, indicating that the bond lengths
the final ionic and the core-excitedB1 state are similar.

The properties of the potential energy curve for thev1
vibrations of theA 2Pu Auger final state can be obtaine
from the high-resolution nonresonant valence photoelec
spectra. We fitted Franck-Condon factors, obtained usin
harmonic oscillator potential, to the observed intensities
the A 2Pu photoelectron spectrum@12#. The best fit was
obtained atr e51.224 Å . This potential energy curve wa
then used to calculate the Franck-Condon factors for the
ger transitions.

The force constant for the harmonic oscillator potential
the v1 vibrations of theB1 state was obtained from the ob
served splitting of 151 meV from the vibrational structure
the ion yield spectrum, as discussed in Sec. III A. The eq
librium distance of theB1 state was treated as a free para
eter, adjusted to obtain the best match of the Franck-Con
factors with the experiment. The whole vibrational progre
sion in the Auger spectrum is not represented well, since
harmonic oscillator model predicts an equally rapid intens
decrease for the levels both below and above the stron
peak. However, a much slower decrease is observed fo
higher vibrational peaks. The discrepancy could be explai
by substantial excitations of combination bands involvi
bending vibrations of the final ionic state. Such transitio
are virtually indistinguishable from the purev1 transitions
due to the degeneracy of the two modes and would appe
intensity enhancement of the higher members of the (v100)
series. Secondly, the harmonic oscillator wave functions
come increasingly inaccurate for the higher vibrational le
els, and using more accurate forms of the potential wo
probably improve the agreement with the experiment.

The rapid intensity falloff in the low binding energy sid
of the vibrational envelopes is reproduced well, if the diffe
ence between the bond lengths of the core-excited inter
diate and final ionic states is about 0.01 Å. Whether
core-excited state has shorter or longer bond length than
final state, cannot be deduced from this calculation. Due
the similar bond lengths, the Franck-Condon overlap is la
est between the levels of the same quantum numberv1 in the
core-excited and ionic states. For example, the spect
(D), where the peak withv151 is the strongest, is mostl
due to the decay of thev151 level of theB1 state.

The observed spacing between the vibrational peak
Fig. 2, 151 meV, is comparable with the 98 meV C 1s core-
hole lifetime in CO2. Vibrational lifetime interference effect
can significantly redistribute the vibrational intensities in t
Auger spectra under such conditions@2,3#. We calculated the
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intensity distributions among the vibrational peaks in the A
ger electron spectra with and without the interference ter
While the vibrational lifetime interference has a strong effe
on the weaker lines of the spectrum, the main features, s
as the location of the strongest line in the vibrational p
gression, remain unchanged.

The single-hole ionic states populated by participator A
ger decay can also be created by the direct~nonresonant!
photoionization process. In this case, also, there is inter
ence between the resonant and nonresonant channels,
encing the line shapes and vibrational profiles. Inclusion
such effects requires a knowledge of the amplitudes
phases of the electronic as well as nuclear matrix elem
and is beyond the scope of this study. However, a comp
son with the the nonresonant spectrum~V! in Fig. 3 shows
that the resonant decay channel is the dominant one for
A 2Pu state even at the wings of the absorption profile. T
interference effects are thus expected not to have a m
influence on the Auger electron spectrum, although th
could be responsible for some of the discrepancies betw
the calculated and observed vibrational profiles.

2. Bending vibrations

Unlike theA1 state, the photoexcitation and Auger dec
of the B1 state does not involve changes in the equilibriu
geometry of the molecule. Therefore, transitions between
lowest levels of the bending vibrations of the ground, co
excited, and final ionic states are expected to prevail. Tr
sitions to higherv2 levels are possible due to different forc
constants for the bending vibrations for the different ele
tronic states. However, no reliable values are available
the B1 core-excited state and thus only a qualitative conc
sion that the bending vibrations play a minor role in defini
the shape and structure of both the photoabsorption and
ger decay spectra can be drawn.

F. Photoexcitation of the bent and linear core-excited states

The above analysis of the Auger electron spectra provi
the modes of vibrational excitations that are expected
build up the absorption profile. In order to test these conc
sions, the Franck-Condon factors for photoexcitation fro
the ground to C 1s21pu* states were calculated and com
pared with the measured ion yield profile. Figure 7 displa
the total ion yield spectrum together with the calculat
Franck-Condon factors for thev2 excitations of theA1 state
andv1 excitations of theB1 state. Thev1 excitations of the
A1 state andv2 excitations of theB1 state were not included
in the calculation, since they are expected to be of les
intensity and also because the available information ab
the potential energy surfaces of these states is insufficien
these dimensions. The energies of thev1 excitations of the
A1 state were determined from the fit of the vibrational stru
ture of Fig. 2~b!. According to the assignment based on t
Auger electron spectra, the first fitted peak corresponds to
v152 level of A1 state. The first two peaks of the serie
were not fitted, since such weak intensity oscillations co
not be observed near the maximum of the main peak, wh
the curvature of the absorption profile is large. This assi
8-7
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FIG. 7. Total ion yield spec-
trum over the carbon 1s→pu*
resonance, together with calcu
lated Franck-Condon factors.
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ment places the~000! level of theB1 state at 290.56 eV. In
order to find the minimum of the potential energy surfa
the value of\v2 is needed for that state. For an estimate,
used the value of 82 meV from the ground state, which gi
the minimum of the potential energy surface of theB1 state
@EB1 ,el5EB1

(000)2 1
2 \v12\v2# at 290.40 eV above the

~000! level of the ground state.
At this energy, the bottom of the potential energy surfa

of the B1 state meets the central maximum of the doub
well potential energy surface of theA1 state. The energies o
thev2 vibrational levels of theA1 state were thus determine
by placing the central maximum of our potential ener
curve in the bending coordinate at 290.40 eV above the~000!
level of the ground state and adding1

2 \v1 to account for the
zero-level energy of thev1 vibrations.

Franck-Condon factors for thev1 excitations of theB1
state were calculated using harmonic oscillator potentials
both the ground and excited states, with the parameters g
in Table I. For thev2 excitations of theA1 state, a harmonic
oscillator potential was used for the ground state and
double-well potential@Fig. 6~a!# for the excited state. The
vibrational wave function overlap with the~000! level of the
ground electronic state was calculated in the radial~r! coor-
dinate for the angular momentum statesml50,1,2. Although
the overlap of the angular part of the wave functions is z
in thef coordinate forml.0, coupling of the electronic and
vibrational angular momenta can make these states avail
The Franck-Condon factors for theml51,2 states are also
shown in Fig. 7, assuming that the selection ruleDml50 is
broken by vibronic coupling. Note that the relative streng
of the ml50, 1, and 2 envelopes is not accurately rep
sented, since it is determined by the strength of the vibro
coupling, which is not evaluated here.

The calculated Franck-Condon factors represent the g
eral shape and width of the absorption profile in Fig. 7,
though there is an offset of the calculation towards low
photon energy. This is probably due to a number of appro
mations in our simulation. Most importantly, simultaneo
excitations of thev1 andv2 modes are not accounted for.
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convolution of the calculated (v100) and (0,v2
0,0) Franck-

Condon factors with a 98-meV Lorentzian and 20-me
Gaussian representing experimental resolution still sho
clearly resolved peaks for the (v100) progression of theB1

state. The less resolved experimental result suggests the
ence of additional vibrational transitions such as combinat
bands.

IV. CONCLUSIONS

The carbon 1s→pu* core excitations in the CO2 molecule
decay mainly via participator Auger transitions to theA 2Pu
ionic state. The vibrational structure of the Auger electr
spectra is sensitive to the excitation energy. In particular,
decay of the bentA1 and linearB1 Renner-Teller split com-
ponents of the C 1s21pu* state produces clearly differen
vibrational patterns. It was concluded from the analysis
the Auger electron spectra that high levels of the bend
vibrations of theA1 state are excited in photoabsorption a
the symmetric stretch excitations play only a minor role.
contrast, higher levels of symmetric stretch vibrations can
excited in the photoabsorption to theB1 component, for
which the bending mode excitations are much less import
The photon energy-dependent features in the resonant A
spectra were explained using these main characteristic
the core excitations.

We calculated Franck-Condon factors for the relevant
brational transitions and estimated the equilibrium bon
lengths of theA1 andB1 states. Indications of a vibrationa
progression, seen on the high-energy side of the absorp
profile, were fitted and, using the Auger electron spec
assigned to the symmetric stretch vibrations of theB1 state.
The energy of the carbon 1s→pu* electronic excitation was
estimated for the linear geometry of the molecule, where
two Renner-Teller split states are degenerate, to be 290.4
above the~000! level of the ground electronic state.

Photon-energy-dependent Auger electron spectra pro
a considerably more detailed view into the core-excitat
process of CO2 than can be obtained from the photoabso
8-8
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tion spectra. Vibrational structure of core excitations as w
as properties of the potential energy surfaces of larger m
ecules can be studied with the help of Auger electron sp
troscopy. While the present study addresses the main
tures of the photoexcitation and Auger decay in a triatom
molecule, advanced calculations of the electronic and vib
tional properties of the core-excited states would be nee
for further analysis.
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