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The carbon 1s photoelectron spectrum has been measured for CO2 at photon energies of 308, 320, and 330
eV with an instrumental resolution about half the natural linewidth. These spectra have been analyzed to obtain
vibrational spacings, vibrational intensities, and the lifetime,t, of the carbon 1s core-hole state. Theoretical
calculation of the lifetime width,\/t, using a one-center model, which assumes that only the valence electrons
localized on the atom with the core hole can participate in Auger deexcitation of the core hole, predicts a value
of 66 meV, considerably smaller than that predicted for CH4 ~96 meV!. Experimental measurements indicate,
however, that the CO2 carbon 1s width is, in fact, much larger than expected—9962 meV—and is approxi-
mately the same as that found experimentally for CH4 ~9562 meV!. This result indicates that valence electrons
on the oxygen atoms may play a role in the Auger decay the carbon 1s core hole in CO2, and, hence, that a
multicenter model may be necessary to describe the Auger process.

PACS number~s!: 33.60.Fy, 33.70.Ca
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I. INTRODUCTION

Recent progress in the development of high-brightne
high-resolution x-ray sources at synchrotrons has mad
possible to study features of x-ray photoelectron spectra
were not clear at lower resolution. Among these are the
fects of atoms that have only slightly different ionizatio
energies even though they are chemically inequivalent@1#,
vibrational structure @2–10#, molecular-field splitting
@3,11,12#, the intrinsic lineshape@9#, and effects arising be
cause of equivalent atoms of the same element in a molec
such as the splitting of the2Sg and 2Su carbon 1s core-hole
states in ethyne@13,14# or vibronic coupling in the oxygen
1s photoelectron spectrum of CO2 @15#.

Our immediate concern is with the intrinsic lineshap
which reflects the lifetime of the core hole and the inter
tion of the photoelectrons and the Auger electrons emi
when the core hole deexcites~post-collision interaction, or
PCI!. The lifetimet is related to the intrinsic linewidth,G, as
tG5\; for a carbon 1s hole t is typically about 6 fs, corre-
sponding to a linewidth of about 100 meV. PCI distorts t
photoelectron spectrum, producing a tail to lower kinetic e
ergies. The degree of distortion depends on the lifetime
the core hole and is especially sensitive to lifetime at pho
1050-2947/2000/61~4!/042503~7!/$15.00 61 0425
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energies close to the threshold for core ionization. The in
est in lifetime originates in theoretical predictions that t
lifetime depends on the electronegativity of the ligands
tached to the atom with the core hole@16,17#. According to
the calculations of Coville and Thomas@16#, the widths
range from 96 meV for CH4 and other hydrocarbons to 7
meV for CO, 66 meV for CO2, and 63 meV for CF4. Similar,
but slightly higher, values have been calculated by Lark
@18#.

In addition to the possible chemical effects on lifetim
the lifetimes are also of interest in terms of their relations
to the theory of Auger decay. Core-ionized molecules c
deexcite via two pathways, radiative or nonradiative. F
first-row elements the nonradiative mechanism~Auger de-
cay! dominates strongly, and the Auger transition rate larg
determines the core-hole lifetime and hence the natural l
width. Calculations of Auger transition rates and Auger sp
tra are usually based on the one-center approximation, w
assumes that only valence electrons localized on the a
with the core hole contribute significantly to the Auger dec
rate. The predictions of lifetimes by Coville and Thom
mentioned above were calculated with this approximati
There are, however, calculations that do not involve this s
plifying approximation. Using a multicenter approach, whi
©2000 The American Physical Society03-1
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allows for contributions from electrons on the other atom
Hartmann@17# obtained results for CX4 (X5H, F, Cl) that
are considerably at odds with those of Coville and Thom
For instance, his calculations give a linewidth for CH4 of 75
meV, in contrast with that calculated by Coville and Thom
@16# of 96 meV and that found experimentally by Carroll
al. @9# of 95 meV. In addition, the trend with molecular com
position predicted by Hartmann is quite different from th
predicted by Coville and Thomas. Going from CH4 to CF4,
Hartmann predicts anincreasein linewidth from 75 to 88
meV, whereas Coville and Thomas predict adecreasefrom
96 to 63 meV. This result can be interpreted to mean tha
is the total number of valence electrons that is importa
rather than just the electrons localized on the atom with
core vacancy.

Investigation of the effect of molecular composition o
linewidth is, therefore, important as a test of these theoret
predictions and, especially, as a test of the one-center mo
which has played an important role in the theory of mole
lar core-valence-valence Auger spectroscopy. A numbe
experimental linewidths have been reported, but, for
most part, both the uncertainties associated with the m
surements and the spread in reported values are large
instance, for methane the reported values of the lifetime
107610 meV @19#, 120610 meV @20#, 83610 meV @21#,
and 9562 meV @9#. The last value, 95 meV, from recen
high-resolution measurements of the photoelectron spect
CH4 and CD4, compares well with that calculated using th
one-center model, 96 meV. As noted above, the multice
prediction is significantly smaller, 75 meV.

Carbon dioxide, CO2, provides a useful target for furthe
investigation. The carbon 1s photoelectron spectrum i
simple, consisting of only one progression, due to excitat
of the symmetric carbon-oxygen stretching mode@15,22,23#.
Calculations based on the one-center model predict a l
difference between the linewidth for CO2 and that for CH4.
The CNDO calculations of Coville and Thomas@16# give 66
meV for CO2 compared with 96 meV for CH4, and the
INDO calculations of Larkins@18# give 72 and 102 meV,
respectively. Previously reported experimental estimate
the carbon 1s linewidth in CO2 are 78615 meV, from pho-
toelectron spectroscopy@15,23#, and 70620 meV from x-ray
emission spectroscopy@24#. These are close to the predicte
value, but the reported uncertainties are large. Moreove
the case of the x-ray emission spectrum, the lifetime was
determined from a least-squares fit to the data and lifeti
vibrational interference effects were not considered.

Here, we investigate high-resolution carbon 1s photoelec-
tron spectra of CO2 measured at three photon energies clo
to threshold. The measurements were made under the s
conditions as for CH4 and CD4 @9# and with better resolution
than previously attainable for CO2—less than half the natura
linewidth. They have been analyzed with careful attent
paid to vibrational excitation and, especially, to determin
tion of the intrinsic linewidth for the core-ionized molecul

II. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS

Carbon 1s photoelectron spectra of CO2 were measured
on Beamline 9.0.1 of the Advanced Light Source of t
04250
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Lawrence Berkeley National Laboratory at photon energ
of 308, 320, and 330 eV, approximately 10, 22, and 32
above the carbon 1s threshold~297.65 eV, given by Nor-
dgrenet al. for the adiabatic ionization energy@24#!. Beam
line 9.0.1 receives its radiation from an undulator~U10! with
a 10-cm period. It is equipped with a spherical-grati
monochromator that is capable of a resolving power
greater than 104. Photon-absorption measurements to det
mine energy calibration and photon resolution were made
a parallel-plate ion-yield analyzer. Photoelectron spec
were measured in a spherical-sector electrostatic analyz
the two lower photon energies, and with a Scienta SES-
spectrometer@25# at 330 eV.

The resolution of the monochromator was determined
measuring the photon absorption spectrum for CO near
carbon (1s→p* ) resonance at 287.4 eV. A Voigt functio
fits this spectrum well, while fitting with a function in which
the asymmetry is an adjustable parameter, showed neglig
asymmetry. The Lorentzian components derived from the
are in satisfactory agreement with the value of 85 meV
ported by others@26#. From these analyses, we conclude th
the photon-energy distribution is approximately Gaussian
Gaussian width of 39 meV was measured at the two low
photon energies and 32 meV at 330 eV. At the higher
ergy, we made measurements over a range of gas press
the Gaussian widths derived from these fits have a ro
mean-square deviation of 7 meV, which we assign to
uncertainty in this component of the resolution.

Electron-analyzer resolutions were determined by m
suring the photoelectron spectra of argon 3p electrons
~spherical sector analyzer! and xenon 5s electrons~Scienta
analyzer! at several photon energies. The resolution funct
of the spherical sector analyzer was not purely Gaussian,
a Voigt function was used to provide better fits. At 10-e
kinetic energy the full widths at half maximumG were GG
527 meV, GL511 meV; at 22 eV kinetic energy they wer
GG532 meV, GL511 meV. The resolution function of the
Scienta analyzer was slightly skewed and slightly flat-topp
compared to a Gaussian. It was accurately described b
function of the form exp@2Q(x2x0)#, where Q(x) is a
fourth-order polynomial. However, the difference betwe
this shape and a Gaussian of the same width~28 meV! does
not significantly affect the results of our analysis. The re
lution due to the monochromator combines with that due
the electron spectrometer to give a resulting instrume
resolution of about 55 meV for the low-energy data a
about 42 meV for the measurements at 330 eV. In addit
we must include a contribution from Doppler broadenin
which is 12 meV at a photon energy of 330 eV. The co
bined Gaussian width for the 330 eV data is 4465 meV,
where the uncertainty is derived from the uncertainty in
resolution of the monochromator.

The transmission of the Scienta analyzer as a function
electron kinetic energy was determined using the proced
developed by Jauhiainenet al. @27#. This involves measure
ments of the xenon N45OO. Auger and xenon 4d photoelec-
tron spectra. From these results we conclude that under
conditions of our experiment the transmission varies nea
as the reciprocal of the kinetic energy that the electron
3-2
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CARBON 1s CORE-HOLE LIFETIME IN CO2 PHYSICAL REVIEW A 61 042503
before it enters the analyzer. Since this is the expected
havior, we have assumed that the transmission of the sp
cal sector analyzer follows the same function. The spe
were corrected using this assumption, but the correctio
small and makes little difference in the final results.

The xenon measurements also provided a calibration
the energy scale of the Scienta analyzer. Comparing
measurements of the positions of the Auger lines with th
given by Jauhiainenet al. gives agreement within 0.2%
Measurements of the position of the xenon 4d and 5s pho-
toelectron lines as a function of photon energy show that
shift of position with change in photon energy is within 0.1
of the expected amount. The 4d spin-orbit splitting was
found to be 1979~3! meV, in excellent agreement with th
value of 1982~2! meV given by Ausmeeset al. @28#. Mea-
surement of the actual retarding voltage applied to the S
enta analyzer as a function of nominal voltage for kine
energies from 5–60 eV show that these correlate with
another with a slope of 1.00000~4! and that the root-mean
square deviation between actual and nominal voltage is62
meV. Over a wide scanning range, the analyzer uses t
different high-voltage supplies to establish the retarding v
age. However, over the ranges 5–20 and 25–35 eV, only
of these is varied. The correlation between measured vol
and nominal voltage over these ranges has a slope of 1.0
and a root-mean-square deviation of about 0.5 meV. Th
we can expect the uncertainty in relative energies meas
with the Scienta analyzer over a narrow range to be the c
volution of 0.5 meV with the statistical uncertainty in th
peak positions. In addition, measured energy differen
should be increased by 0.04% over the nominal value in
cated by the Scienta system. For present purposes th
negligible. For the spherical sector analyzer, we concl
that the uncertainty in the calibration is about 0.6% on
basis of measurements of the argon 3p photoelectron spec
trum and its shift with photon energy.

Data were taken in series of short runs. Each spect
was inspected and adjustments were made for drifts from
run to another of the order of 10 meV in the energy. Af
these adjustments, the data were combined to give a sum
spectrum for each of the three experiments. The experim
tal results are shown in Fig. 1 as the circles. The solid li
represent least-squares fits to the data~discussed in the fol-
lowing paragraph!.

In the fits, the basic line shape is the PCI function of v
der Straten, Morgenstern, and Niehaus@29#, convoluted with
the experimental resolution function and an additio
Gaussian function to account for Doppler broadening. F
using the function given by Kuchiev and Sheinerman@30#
are indistinguishable from those obtained using the func
of van der Stratenet al. For each fit, a value of the Lorent
zian linewidth was chosen. Then a least-squares fitting p
cedure was used to fit four peaks to each spectrum. In th
fits, the seven adjustable parameters were a constant b
ground, the position and intensity of thev50 peak, the sepa
ration between thev50 andv51 peaks, and intensities o
the v51, 2, and 3 peaks relative to the main peak@31#. The
separation between successive peaks was taken to b
same as that between the first two; thus, the vibrational
04250
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quencies were treated as if they were harmonic. The po
were weighted according to the reciprocal of the stand
deviation of each point. This procedure was repeated for
ferent choices of the Lorentzian width to determine the va
that gives the lowest value ofx2. The fits obtained in this
way are compared with the experimental data in Fig.
where it can be seen that, for the most part, the agreem
between fit and data is quite good. The spectra were als
using the linear-coupling model@32#, which requires only 5
parameters. No significant difference between the two me
ods was observed. The results obtained from these fit
procedures are summarized in Table I and are discusse
detail in the next section.

III. RESULTS

Vibrational structure

The fundamental vibrational frequency, determined a
photon energy of 330 eV, is 165.660.7 meV; the uncertainty
includes both the statistical uncertainty from the fit and
uncertainty in the energy calibration. This frequency is
agreement with previously reported values of 16167 meV
@15,23# and 16764 meV @22#, and falls between the value o
164 and 168 meV from the data at 320 and 308 eV. Th
values are approximately the same as that suggested by
manouchi@33# for the ground state of CO2 165.3 meV@34#,
and significantly lower than has been reported for the gro
state of the equivalent-cores ion, NO2

1, 173.1 meV@35#.

FIG. 1. Carbon 1s photoelectron spectra of CO2 measured at
three different photon energies. Points show the data and the
show the results of a least-squares fit described in the text.
3-3
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TABLE I. Results from fitting the carbon 1s photoelectron spectra of CO2.

308 eV 320 eV 330 eV

n, meV 168~1!a 164~1! 165.660.7
Intensity,v50 1 1 1

v51 0.321~4! 0.235~4! 0.241~2!

v52 0.060~3!/@0.051#b 0.027~2!/@0.027# 0.016~1!/@0.029#
v53 0.016~2!/@0.004# 0.006~1!/@0.002# 0d/@0.002#

uDRCCu,pmc 2.25~1! 1.93~2! 1.95~1!

G, meV 103~1! 100~1! 9962

aStatistical uncertainty given by the least-squares fits for the last digit is shown in parentheses. Whe6 is
shown the quantity represents an estimate of the total uncertainty.
bQuantities given in brackets are relative intensities, assuming a harmonic oscillator model and a ch
CO bond length that reproduces the relative intensity of thev51 transition.
cChange in CO bond length that reproduces the relative intensity of thev51 transition. Only the absolute
value can be determined from this analysis.
dConstrained.
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This result is surprising in that, in general, vibrational fr
quencies for core-ionized molecules are higher than thos
the ground state.

The vibrational intensities show that there is a higher
gree of vibrational excitation at a photon energy of 308
than at the higher photon energies, in accord with the ob
vations of Köppeet al. @22# and of Neebet al. @23#. The ratio
of intensities forv51 relative tov50 can be used togethe
with the harmonic-oscillator model and the vibrational fr
quencies to determine the bond-length change,DR, that ac-
companies core ionization of CO2; this ratio is a very sensi
tive measure of this quantity. The values derived in this w
are listed in Table I and are all close to 2 pm, with the s
unknown, because the harmonic Franck-Condon intens
depend only on the square ofDR. The vibrational profile
changes with photon energy, and the value ofDR changes
accordingly. The value determined at 330 eV, 1.95 pm, is
excellent agreement with the value of22.0 pm found by
Nordgrenet al. from x-ray emission spectroscopy@24#. From
the v51/v50 intensity ratio and the harmonic oscillato
model, we can also calculate Franck-Condon factors for
other transitions. These are shown in brackets in Tabl
where it can be seen that this model predicts more inten
to v52 and 3 than is observed at 330 eV and less inten
than is observed at 308 eV. A prediction of higher than o
served intensity can be a consequence of neglect of an
monicity.

Lifetime widths

At photon energies of 308, 320, and 330 eV Lorentz
~lifetime! widths were determined to be 103, 100, and
meV, respectively, as can be seen from Table I. Statist
uncertainties are estimated to be 1 meV. We note the tr
toward larger Lorentzian widths as the photon energy
creases, a trend that has been previously seen in the CH4 data
@9#. It is possible that the PCI function does not accurat
describe the spectrum at energies very close to threshold
investigate this possibility, we have measured the Ar 2p3/2
spectrum at photon energies ranging from 5 to 80 eV ab
04250
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threshold. At the lower energies the best fits to these spe
were achieved with natural linewidth values apprecia
greater than the accepted value of 120 meV@36#. At 40 eV
above threshold, the spectrum is well described by the th
retical function with a lifetime width of 120 meV. It is likely
then, that the best value for the carbon 1s lifetime width is
that derived from the 330 eV spectrum: 99 meV, with
estimated uncertainty of about 2 meV, which reflects
effect of the 7 meV uncertainty in the resolution of the ph
tons as well as the statistical uncertainty of the fit.

The value of 99 meV is significantly larger than that
78615 meV, obtained from the photoelectron spectrum
Kivimäki et al. @15#, and 70620 meV, derived from the
x-ray emission spectrum by Nordgrenet al. @24#. It is signifi-
cantly lower than the value of 120 meV reported by Maet al.
@37# for the 3s and 3p Rydberg states of carbon 1s core-
excited CO2. With regard to the last of these three compa
sons, it is not known what uncertainty to assign to the
ported linewidth, nor is it certain that core-hole lifetimes f
low-lying core-excited Rydberg statesshouldbe the same as
for the core-ionized state. The first two results have unc
tainties much larger than that associated with the lifeti
width reported in this paper, but we have tried to determ
the possible sources of the discrepancies. We have reex
ined both of these spectra, and the results of this reexam
tion are discussed in the following paragraphs.

In the case of the x-ray photoemission spectrum of Ki
mäki et al., we were provided with a set of their data. The
reported instrumental resolution was 80 meV~photon! and
60 meV~analyzer! for a total~assuming Gaussian characte!
of 100 meV. Using the same procedure as that used to
lyze our data, we performed least-squares fits of PCI l
shapes to their data at a number of values of the Lorent
width. The best fit occurs withG588 meV, higher than they
have reported. Increasing the resolution to 110 meV lead
a value ofG of 78 meV, which is the value they have re
ported. Discussion with one of the authors@38# of Neebet al.
@23# indicates that they used a resolution function that w
not Gaussian in obtaining their result. It is apparent that
3-4



alu
ti
es

y
H

e
d
th

as
i-

-
e
6
o

ca
e
in
lly
a
te

av
n-
ab
sia
ith
at
7
an

e

um
ake
nd
tes

f-
phi-

d a
; it
nt

he
dis-

re-
on

er
mo-
on

s
nce
ed

cay

ce
ici-
the
Kay

a-

ter-

l-
e

s-

c

ept
the

0
e

CARBON 1s CORE-HOLE LIFETIME IN CO2 PHYSICAL REVIEW A 61 042503
derived value of lifetime depends on both the assumed v
of the resolution and on the assumed shape of the resolu
function. This dependence becomes less critical as the r
lution improves.

Our measurements for CO2 were obtained under exactl
the same conditions as those for our measurements for C4,
for which we found an intrinsic linewidth of 95 meV. If th
linewidth for CO2 is appreciably different from this, it shoul
be apparent in a comparison of the two spectra. In Fig. 2,
v50 peaks for the two molecules are compared. In this c
the CO2 spectrum~closed circles! has been adjusted in pos
tion and height to match as closely as possible the CH4 spec-
trum ~open circles!. The two spectra diverge on the high
ionization-energy side because of the appearance of thv
51 peak in the CO2 spectrum at an excitation energy of 16
meV. However, at ionization energies below this point
divergence, the two sets of data match very closely, indi
ing similar contributions from the lifetime. The solid lin
represents the theoretical spectrum for methane, assum
linewidth of 95 meV; it matches both curves well, especia
on the low-ionization-energy side, where neither set of d
is distorted by the onset of vibrational excitation. The dot
curve in Fig. 2 shows the prediction for CO2 if the linewidth
were 78 meV, as indicated by Kivima¨ki et al. @15#; this is
noticeably narrower than the experimental peak. We h
also tried fitting the data with the Lorentzian width co
strained to 78 meV and the Gaussian width as an adjust
parameter. This produces an inferior fit and a total Gaus
width of more than 70 meV, which cannot be reconciled w
our measured width of 44 meV. It is apparent that our d
are not consistent with an intrinsic linewidth as narrow as
meV. At this time, the disagreement between our results
those of Kivimäki et al. remains unresolved.

For the carbon x-ray emission spectrum of Nordgrenet al.
@24#, we have digitized the densitometer trace given in th

FIG. 2. Comparison of thev50 peaks from the carbon 1s pho-
toelectron spectra of CH4 and CO2 taken at a photon energy of 33
eV. The CO2 spectrum has been shifted in position and normaliz
in height for a best match with the CH4 spectrum. Circles show the
data. The solid line shows a fit to the CH4 data assuming a lifetime
width of 95 meV. The dotted line is calculated for CO2 assuming a
lifetime width of 78 meV~as reported by Neebet al. @23#!.
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paper of the photographic plate on which the x-ray spectr
was recorded. In analyzing their results it is necessary to t
into account a number of factors: vibrational excitation a
lifetime of the core-ionized state, deexcitation to final sta
of CO2

1, lifetime-vibrational interference@39#, anharmonic-
ity of the vibrational motion, resolution, and saturation e
fects arising because the data were recorded photogra
cally. Our analysis of the x-ray emission spectrum involve
least-squares fitting procedure that included all of these
yields a Lorentzian width of 97 meV, in good agreeme
with the value of 99 meV we have determined from t
photoelectron spectrum. Thus, there appears to be no
crepancy between the data of Nordgrenet al. @24# and the
value of 99 meV that we have found. We conclude, the
fore, that the lifetime for the Auger deexcitation of a carb
1s hole in CO2 is about the same as it is in CH4.

IV. DISCUSSION

As was mentioned in the introduction, theoretical Aug
rate calculations indicate that there should be observable
lecular effects on inner-shell lifetimes. Calculations based
a one-center model@16,18# indicate a clear trend toward
lower decay rates as electronegative ligands remove vale
electron density from the atom with the core hole. Oppos
to this are the multicenter calculations of Hartmann@17#,
which appear to indicate the reverse; that is, faster de
rates for CF4 and CCl4 than for CH4. This could arise if the
one-center approximation is not valid, and if the valen
electrons localized on the ligands are, in fact, able to part
pate in the Auger process. Evidence that this might be
case in some systems has recently been presented by
et al. @40#. In view of these results, it is worthwhile to review
the arguments for the validity of the one-center approxim
tion.

For core-valence-valence Auger decay the rate is de
mined by the matrix element

^Ccorexu1/r 12uCvalCval8 &, ~1!

whereCcore is the molecular orbital for the core hole, loca
ized on atomA, x is the continuum wave function for th
emitted electron, andCval andCval8 are the molecular orbitals
for the final holes in the valence shell. To simplify the illu
tration, we assume a diatomic moleculeAB and approximate
the molecular orbitalsC as linear combinations of atomi
orbitals. Thus,Ccore5cA , wherecA is a core atomic orbital
on A, and Cval5cAfA1cBfB and Cval8 5cA8fA1cB8fB ,
wherefA and fB are valence atomic orbitals onA and B,
respectively.

In this picture, the Auger transition rate,t21, is propor-
tional to

u^cAxu1/r 12u~cAfA1cBfB!~cA8fA1cB8fB!&u2. ~2!

In the one-center approximation, only those terms are k
for which all indices are the same as that of the atom with
core hole, that is, atomA. Then

t21}ucAcA8 u2u^cAxu1/r 12ufAfA&u2, ~3!

d

3-5
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and it is apparent that the Auger rate depends on the de
of valence electrons on atomA, that is, onucAcA8 u2.

A more careful look at expression~3! shows that the ex-
pansion leads to four kinds of terms. The first is an int
atomic term, u^cAxu1/r 12ufAfA&u2, which is the same as
found in expression~4!. Next are two intra-inter-atomic
terms,u^cAxu1/r 12ufAfB&u2 and u^cAxu1/r 12ufBfA&u2. The
second of these is expected to be negligible, since the
wave function onA, cA , and the valence wave function o
B, fB , have only very small overlap. The first term is co
sidered in more detail below. Inter-inter-atomic term
u^cAxu1/r 12ufBfB&u2, are expected to be small for the sam
reason that the second intra-inter-atomic term is small.
nally, there are interference terms, of which the most imp
tant type is^cAxu1/r 12ufAfA&^cAxu1/r 12ufBfB&1c.c. This
contains the same factors as do the intra-atomic and in
inter-atomic terms.

As has been recently noted by Kayet al. @41#, there is no
a priori reason to expect the first intra-inter-atomic ter
u^cAxu1/r 12ufAfB&u2, to be small, and one might therefo
expect contributions to the transition rate from intra-int
atomic transitions. As evidence for such, A˚ gren @41# has
noted that the two highest energy transitions observed in
CO2 carbon Auger spectrum involve the 1pg molecular or-
bital. In simplest approximation, this orbital has no dens
on the carbon atom and, in the one-center approximat
should not contribute to the Auger spectrum. It has be
noted by Milliéet al. @42# that the states of CO2

21 that have
primarily pg

22 character also have a significant admixture
pu

22. Since theu orbital does have density on the carb
atom, this admixture can lead to Auger transitions to thepg

22

state without breakdown of the one-center approximati
However, it is difficult to find a similar configuration tha
could lead to population of the state that is predominan
pg

21pu
21. That population of this state is observed in t

Auger spectrum indicates either a breakdown of the o
center approximation~as noted by A˚ gren @42#! or carbon
d-orbital participation in thepg state@43#.

Quantitative arguments for the validity of the one-cen
approximation were given by Matthew and Komninos@44#,
who showed ~approximately! that the contribution from
intra-inter-atomic Auger transitions falls off as the six
power of the interatomic distance and as the fourth powe
the Auger transition energy. Specifically, they have co
cluded for CH4 and CF4 that the intra-inter-atomic transitio
rate is less than 1024 of the intra-atomic rate, and hence
negligible. For CO2, with a CO distance that is intermedia
between the CH distance in CH4 and the CF distance in CF4
and comparable Auger transition energies, we might expe
similar result. Their conclusions have, however, been c
cized by Wormeesteret al. @45#, who concluded that Mat-
thew and Komninos had neglected significant terms and t
Th

.

04250
ity

-

re

,

i-
r-

a-

,

-

e

n,
n

f

.

y

-

r

f
-

t a
i-

t,

in certain circumstances, the role of intra-inter-atomic tra
sitions can be much more important than one would c
clude from the estimates made by Matthew and Komnino

From the previous discussion, we see that there is
dence in the CO2 carbon Auger spectrum for breakdown
the one-center approximation and that the quantitative th
retical argument for the lack of multicenter terms is n
strong. We now consider the quality of theory that was us
by Coville and Thomas@16# in their prediction of Auger
transition rates. As noted, these were based on the one-c
approximation. Beyond this, they used the approxim
CNDO theory to obtain molecular orbital coefficients. In th
procedure, there is no consideration of eitherd-orbital par-
ticipation or of the effects of electron correlation. Rece
calculations by Larkins and McColl@46# at a considerably
higher level~but still with a one-center model! give 116 meV
for the carbon 1s linewidth of CH4—considerably higher
than the value of 96 meV calculated by Coville and Thom
with simpler theory. The disagreement between these
calculations indicates that there is a need for further work
this area.

V. CONCLUSION

The value of the lifetime linewidth for CO2 found from
high-resolution carbon 1s photoelectron spectroscopy is 9
62 meV. Although this is higher than others have report
comparison of CO2 and CH4 photoelectron spectra taken un
der identical conditions indicates no apparent difference
tween the linewidths for the two molecules. Both the mag
tude of the CO2 linewidth and the lack of difference betwee
the CH4 and CO2 linewidths are not consistent with predic
tions based on the one-center model of molecular co
valence-valence Auger decay. The Auger spectrum it
shows features that cannot be accounted for in the one-ce
approximation. It is noted also that the semiquantitative
derpinning of the one-center model has been question
These observations point to the need for a more critical lo
at this model, which has played an important role in t
theory of molecular Auger spectroscopy.
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