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The carbon % photoelectron spectrum has been measured for&@@hoton 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 lifetimeof the carbon & core-hole state. Theoretical
calculation of the lifetime width#/7, 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, C®6 me\). Experimental measurements indicate,
however, that the COcarbon & width is, in fact, much larger than expected—92 meV—and is approxi-
mately the same as that found experimentally for,G®5+2 meV). This result indicates that valence electrons
on the oxygen atoms may play a role in the Auger decay the carbaork hole in CQ, and, hence, that a
multicenter model may be necessary to describe the Auger process.

PACS numbg(s): 33.60.Fy, 33.70.Ca

[. INTRODUCTION energies close to the threshold for core ionization. The inter-
est in lifetime originates in theoretical predictions that the
Recent progress in the development of high-brightnesdifetime depends on the electronegativity of the ligands at-
high-resolution x-ray sources at synchrotrons has made tached to the atom with the core hdl&6,17]. According to
possible to study features of x-ray photoelectron spectra thahe calculations of Coville and Thomd46], the widths
were not clear at lower resolution. Among these are the efrange from 96 meV for Clland other hydrocarbons to 73
fects of atoms that have only slightly different ionization meV for CO, 66 meV for CQ and 63 meV for CE Similar,
energies even though they are chemically inequivaléht but slightly higher, values have been calculated by Larkins
vibrational structure [2—-10, molecular-field splitting [18].
[3,11,13, the intrinsic lineshapg9], and effects arising be- In addition to the possible chemical effects on lifetime,
cause of equivalent atoms of the same element in a moleculéhe lifetimes are also of interest in terms of their relationship
such as the splitting of thézg and 23, carbon & core-hole  to the theory of Auger decay. Core-ionized molecules can
states in ethyn§l13,14] or vibronic coupling in the oxygen deexcite via two pathways, radiative or nonradiative. For
1s photoelectron spectrum of GQ15]. first-row elements the nonradiative mechaniéfuger de-
Our immediate concern is with the intrinsic lineshape,cay) dominates strongly, and the Auger transition rate largely
which reflects the lifetime of the core hole and the interac-determines the core-hole lifetime and hence the natural line-
tion of the photoelectrons and the Auger electrons emittedvidth. Calculations of Auger transition rates and Auger spec-
when the core hole deexcitépost-collision interaction, or tra are usually based on the one-center approximation, which
PCI). The lifetimeris related to the intrinsic linewidt;, as  assumes that only valence electrons localized on the atom
7I'=n; for a carbon % hole 7 is typically about 6 fs, corre- with the core hole contribute significantly to the Auger decay
sponding to a linewidth of about 100 meV. PCI distorts therate. The predictions of lifetimes by Coville and Thomas
photoelectron spectrum, producing a tail to lower kinetic en-mentioned above were calculated with this approximation.
ergies. The degree of distortion depends on the lifetime ofhere are, however, calculations that do not involve this sim-
the core hole and is especially sensitive to lifetime at photomlifying approximation. Using a multicenter approach, which
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allows for contributions from electrons on the other atoms|awrence Berkeley National Laboratory at photon energies
Hartmann[17] obtained results for X, (X=H,F,Cl) that of 308, 320, and 330 eV, approximately 10, 22, and 32 eV
are considerably at odds with those of Coville and Thomasahove the carbon slthreshold(297.65 eV, given by Nor-

For instance, his calculations give a linewidth for 81 75 ggrenet al. for the adiabatic ionization enerd4]). Beam
meV, in contrast with that calculated by Coville and Thomasjjye 9 0.1 receives its radiation from an undulatdd.0) with

[16] of 96 meV and that found experimentally by Carroll et
al.[9] of 95 meV. In addition, the trend with molecular com-
position predicted by Hartmann is quite different from that
predicted by Coville and Thomas. Going from ¢t CF,,
Hartmann predicts amcreasein linewidth from 75 to 88
meV, whereas Coville and Thomas predictiecreasefrom

a 10-cm period. It is equipped with a spherical-grating
monochromator that is capable of a resolving power of
greater than 10 Photon-absorption measurements to deter-
mine energy calibration and photon resolution were made in
a parallel-plate ion-yield analyzer. Photoelectron spectra
! . were measured in a spherical-sector electrostatic analyzer at
96 to 63 meV. This result can be interpreted to mean that i he two lower photon 2nergies and with a Scienta SEé-ZOO
is the total number of valence electrons that is important '
. - X Spectrometef25] at 330 eV.

rather than just the electrons localized on the atom with the The resolution of the monochromator was determined by
core vacancy. . measuring the photon absorption spectrum for CO near the

Investigation of the effect of molecular composition on arbon (5 *) resonance at 287.4 eV. A Voigt function
linewidth is, therefore, important as a test of these theoretic ts this spectrum well, while fitting With a.functiogrlu in which
\?vﬁg'ﬁt&n: allgde,;sa[?]eic;:] alg&gﬁﬁé?esﬁr?fﬂ:zeﬂ?:;'c%?tgoﬁgggﬁl\e asymmetry is an adjustable parameter, showed negligible

piay P y symmetry. The Lorentzian components derived from the fits

lar core-valence-valence Auger spectroscopy. A number Oire in satisfactory agreement with the value of 85 meV re-

tranxc;));rm;?P t?)lotl;??ﬁvédfjhnscer;?a\l/iﬁti2§e;ssr§gg;teedd’Wﬁlﬁt’thfg rnfz orted by other§26]. From these analyses, we conclude that
surem%nté and the spread in reported values are larae. F hre photon-energy distribution is approximately Gaussian. A
. P P > 1arge. Al ussian width of 39 meV was measured at the two lower
instance, for methane the reported values of the lifetime ar

Shoton energies and 32 meV at 330 eV. At the higher en-
107=10meV [19], 12010 meV [20], 83=10meV [21], )
and 95+ 2 me\[/ [g]_ The last vaILEe ]95 meV from[re<]:ent ergy, we made measurements over a range of gas pressures;

, . the Gaussian widths derived from these fits have a root-
high-resolution measurements of the photoelectron spectra

CH, and CD,, compares well with that calculated using the unecaer;t:\?nl'i;rii Shei;"ig?n”pg:]eztrgi/ﬁeWrglgglu\;\ilgnés&gn to the
one-center mc_>de_|,_ 96 meV. As noted above, the multicenter Electron-analyzer resolutions were determined by mea-
prediction |s.5|gn|f|cantly sm.aller, 75 mev. suring the photoelectron spectra of argop &lectrons
. Car_bon dioxide, CQ provides a useful target for furth_er (spherical sector analyzeand xenon S electrons(Scienta
investigation. The carbon sl photoelectron spectrum s analyzey at several photon energies. The resolution function

S}Tﬁle' conss:mg ofbonly one pro?retsilpn, d%%éoztzaxzcgatlorbf the spherical sector analyzer was not purely Gaussian, and
orthe symmetric carbon-oxygen strétching meis, 22, 23. a Voigt function was used to provide better fits. At 10-eV

Calculations based on the one-center model predict a lar ; ; :

difference between the linewidth for G@nd that for CH. Q§nze7t|r(7:]:\r/1eligy:tlhle nf]uellvwgtgsz aechEiI;erEiXéT:rﬂgyV\ﬁ;eyFﬁere

The CNDO calculations of Coville and Thomis] give 66 g=32 m,eVL r=11 meV. The resolution function of the

m%vofor IC% t_compa:crid r.”t?[ 1%? r_neV7f20r thlggd th\e; Scienta analyzer was slightly skewed and slightly flat-topped

respecsc:isgll;/ alg?g\?io%slya:elgorted gel;lgerim::tal estir;n:te’s ompared to a Gaussian. It was accurately described by a
. S nction of the form exp—Q(X—xy)], where Q(x) is a

the carbon $ linewidth in CO; are 78-15meV, from pho- fourth-order polynomial. However, the difference between

toe!ec_tron spectroscofy5,23, and 70=20 meV from XTay  his shape and a Gaussian of the same wi@&me\) does

emission spectroscofi4]. These are close to the pred|cted.not significantly affect the results of our analysis. The reso-

;/r?lue, but ftrt‘ﬁ reported gnqerta|nt|ef are tlﬁrgﬁ' {\_/Ioreover, ""lition due to the monochromator combines with that due to
€ case ol e X-ray emission spectrum, the ifelime was NG, g |actron spectrometer to give a resulting instrumental

determined from a least-squares fit to the data and lifetime; . | tion of about 55 meV for the low-energy data and
vibrational interference effects were not considered.

. ) . . about 42 meV for the measurements at 330 eV. In addition,
Here, we investigate high-resolution carbanpghotoelec-

: we must include a contribution from Doppler broadening,
tron spectra of C@measured at three photon energies CIOSF{Nhich is 12 meV at a photon energy of 330 eV. The com-

to threshold. The measurements were made under the sal Red Gaussian width for the 330 eV data is+BmeV

Cr? nd|t|on§ as lfor Cl;lant()z: CfD* 9] alnd W';[]h behtt?fr rhesolutlonl where the uncertainty is derived from the uncertainty in the
than previously attainable for GO-less than half the natura resolution of the monochromator.

linewidth. They have been analyzed with careful attention The transmission of the Scienta analyzer as a function of

paid to vibratipngl Qxcite}tion and, especially, to determin‘""electron kinetic energy was determined using the procedure

tion of the intrinsic linewidth for the core-ionized molecule. developed by Jauhiainest al. [27]. This involves measure-

ments of the xenon NOO. Auger and xenondlphotoelec-

tron spectra. From these results we conclude that under the
Carbon % photoelectron spectra of GQvere measured conditions of our experiment the transmission varies nearly

on Beamline 9.0.1 of the Advanced Light Source of theas the reciprocal of the kinetic energy that the electron has

Il. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS
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before it enters the analyzer. Since this is the expected be- ' . ' '
havior, we have assumed that the transmission of the spheri- 15x10° | ‘ Co, i
cal sector analyzer follows the same function. The spectra

were corrected using this assumption, but the correction is hv= 330 eV i

small and makes little difference in the final results.

The xenon measurements also provided a calibration of
the energy scale of the Scienta analyzer. Comparing our
measurements of the positions of the Auger lines with those
given by Jauhiaineret al. gives agreement within 0.2%.
Measurements of the position of the xenot d@nd 5 pho-

W

>

; : B 2000
toelectron lines as a function of photon energy show that the .3
shift of position with change in photon energy is within 0.1% 5
of the expected amount. Thed4spin-orbit splitting was E 1000

found to be 1978) meV, in excellent agreement with the
value of 19822) meV given by Ausmeest al. [28]. Mea-
surement of the actual retarding voltage applied to the Sci-
enta analyzer as a function of nominal voltage for kinetic 308 eV
energies from 5-60 eV show that these correlate with one 2000 73
another with a slope of 1.000Q9 and that the root-mean-
square deviation between actual and nominal voltageds
meV. Over a wide scanning range, the analyzer uses three
different high-voltage supplies to establish the retarding volt-

=3

age. However, over the ranges 5-20 and 25-35 eV, only one ols ! L)
of these is varied. The correlation between measured voltage 2075 298.0 208.5
and nominal voltage over these ranges has a slope of 1.0004 L

and a root-mean-square deviation of about 0.5 meV. Thus, Ionization energy (eV)

we can expect the uncertainty in relative energies measured

wz;gﬁ i?lgnstargg\a}l)\/;i?; ?xgr:tz:tiisrtzgg rl?r?(?eertt’;cl)int;e tirr]]etﬁgqﬁree different photon energies. Points show the data and the lines
e L y show the results of a least-squares fit described in the text.

peak positions. In addition, measured energy differences

should be increased by 0.04% over the nominal value indi-

cated by the Scienta system. For present purposes this %Jencies were treated as if they were harmonic. The points
: yere weighted according to the reciprocal of the standard

deviation of each point. This procedure was repeated for dif-
Serent choices of the Lorentzian width to determine the value
trum and its shift with photon energy. that gives the lowest value gf°. The fits obtained in this

Data were taken in series of short runs. Each spectrun\!]\'ay are compared with the experimental data in Fig. 1,

was inspected and adjustments were made for drifts from on‘gggge'; ?i?gr?f dsejletzni;hi[i'téorggg mrﬁ:tsp?aré’trg]sv:rgerz?srgefri]tt
run to another of the order of 10 meV in the energy. After q good. P

these adjustments, the data were combined to give a summé&gnd the linear-coupling mod§B2], which requires only 5

specum o eac of h Iree xpermerts The experimef L. 1o ST erence beween e o e
tal results are shown in Fig. 1 as the circles. The solid lines : 9

represent least-squares fits to the daliacussed in the fol- gg:;ﬁ?xrtehz ifxf:emcrgg:]'zed In Table I and are discussed in
lowing paragraph ’

In the fits, the basic line shape is the PCI function of van
der Straten, Morgenstern, and Nieh&R8], convoluted with Ill. RESULTS
the experimental resolution function and an additional
Gaussian function to account for Doppler broadening. Fits
using the function given by Kuchiev and Sheinermj&0] The fundamental vibrational frequency, determined at a
are indistinguishable from those obtained using the functiophoton energy of 330 eV, is 165:®.7 meV; the uncertainty
of van der Stratert al. For each fit, a value of the Lorent- includes both the statistical uncertainty from the fit and the
zian linewidth was chosen. Then a least-squares fitting prodncertainty in the energy calibration. This frequency is in
cedure was used to fit four peaks to each spectrum. In thesgyreement with previously reported values of t&lmeV
fits, the seven adjustable parameters were a constant badik-5,23 and 1674 meV[22], and falls between the value of
ground, the position and intensity of the=0 peak, the sepa- 164 and 168 meV from the data at 320 and 308 eV. These
ration between the =0 andv =1 peaks, and intensities of values are approximately the same as that suggested by Shi-
thev=1, 2, and 3 peaks relative to the main p¢ak]. The = manouchi 33] for the ground state of C0165.3 meV[34],
separation between successive peaks was taken to be tamd significantly lower than has been reported for the ground
same as that between the first two; thus, the vibrational frestate of the equivalent-cores ion, NQ 173.1 meV[35].

FIG. 1. Carbon % photoelectron spectra of GOneasured at

that the uncertainty in the calibration is about 0.6% on th
basis of measurements of the arggm @hotoelectron spec-

Vibrational structure
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TABLE I. Results from fitting the carbonslphotoelectron spectra of GO

308 eV 320 eV 330 eV
v, meV 1681)2 164(1) 165.6-0.7
Intensity,v =0 1 1 1
v=1 0.3214) 0.2354) 0.2412)
v=2 0.06(]23)/[0.05]]b 0.0272)/[0.027] 0.0161)/[0.029
v=3 0.0162)/[0.004) 0.0061)/[0.002 Od/[0.00Z
|ARcd,pm© 2.251) 1.932) 1.951)
I', meV 1031) 100(1) 99+2

aStatistical uncertainty given by the least-squares fits for the last digit is shown in parentheses\Were
shown the quantity represents an estimate of the total uncertainty.

bQuantities given in brackets are relative intensities, assuming a harmonic oscillator model and a change in
CO bond length that reproduces the relative intensity ofutikel transition.

‘Change in CO bond length that reproduces the relative intensity af thk transition. Only the absolute

value can be determined from this analysis.

dConstrained.

This result is surprising in that, in general, vibrational fre-threshold. At the lower energies the best fits to these spectra
quencies for core-ionized molecules are higher than those afere achieved with natural linewidth values appreciably
the ground state. greater than the accepted value of 120 nj&88]. At 40 eV

The vibrational intensities show that there is a higher deabove threshold, the spectrum is well described by the theo-
gree of vibrational excitation at a photon energy of 308 eVretical function with a lifetime width of 120 meV. It is likely,
than at the higher photon energies, in accord with the obseghen, that the best value for the carbos lifetime width is
vations of Kepeet al.[22] and of Neetet al.[23]. The ratio  that derived from the 330 eV spectrum: 99 meV, with an
of intensities forv =1 relative tov =0 can be used together ogiimated uncertainty of about 2 meV, which reflects the
with the harmonic-oscillator model and the vibrational fre- ottact of the 7 meVv uncertainty in the resolution of the pho-
quencies to determine the bond-length changR, that ac-  y,nq a5 well as the statistical uncertainty of the fit.
companies core ionization of GQthis ratio is a very sensi- The value of 99 meV is significantly larger than that of

tive measure of this quantity. The values derived in this wayse, 1 meV, obtained from the photoelectron spectrum by

are listed in Table | and are all close to 2 pm, with the sign_,. = """ .
unknown, because the harmonic Franck-Condon intensitielél\”makl etal. [15], and 7G-20meV, derived from the

depend only on the square &fR. The vibrational profile X-ray emission spectrum by Nordgrenal.[24]. It is signifi-
changes with photon energy, and the valueAd changes cantly lower than the value of 120 meV reported by &al.
accordingly. The value determined at 330 eV, 1.95 pm, is ir{37]_ for the 3 _and ¥ Rydberg states of carbonsicore- .
excellent agreement with the value 6f2.0 pm found by excited CQ. With regard to the last of these three compari-

Nordgrenet al.from x-ray emission spectroscop®4]. From Sons, it_is not known_ vyhat un.certainty to assigln to the re-
the v=1/y=0 intensity ratio and the harmonic oscillator ported linewidth, nor is it certain that core-hole lifetimes for

model, we can also calculate Franck-Condon factors for th w-lying corg-e?(cned Rydberg s'tatebouldbe the same as
other transitions. These are shown in brackets in Table I°F the core-ionized state. The first two results have uncer-

where it can be seen that this model predicts more intensit, _inties much I_arge_r than that associated With the "fetime
tov=2 and 3 than is observed at 330 eV and less intensiq{hIdth repglrted in this papher,dlt_lut we haye tried tr? determine
than is observed at 308 eV. A prediction of higher than ob- e possible sources of the discrepancies. We nave reexam-
served intensity can be a consequence of neglect of anhdtfled both .Of these spectra, and.the results of this reexamina-
monicity. ion are discussed in the following parggraphs. .

In the case of the x-ray photoemission spectrum of Kivi-
maki et al, we were provided with a set of their data. Their
reported instrumental resolution was 80 m&hotor) and

At photon energies of 308, 320, and 330 eV Lorentzian60 meV (analyzey for a total(assuming Gaussian charagter
(lifetime) widths were determined to be 103, 100, and 99of 100 meV. Using the same procedure as that used to ana-
meV, respectively, as can be seen from Table |. Statisticdlyze our data, we performed least-squares fits of PCI line
uncertainties are estimated to be 1 meV. We note the trenshapes to their data at a number of values of the Lorentzian
toward larger Lorentzian widths as the photon energy dewidth. The best fit occurs with'=88 meV, higher than they
creases, a trend that has been previously seen in thel@BH  have reported. Increasing the resolution to 110 meV leads to
[9]. It is possible that the PCI function does not accuratelya value ofl" of 78 meV, which is the value they have re-
describe the spectrum at energies very close to threshold. Taorted. Discussion with one of the auth88§] of Neebet al.
investigate this possibility, we have measured the pg2 [23] indicates that they used a resolution function that was
spectrum at photon energies ranging from 5 to 80 eV aboveot Gaussian in obtaining their result. It is apparent that the

Lifetime widths
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paper of the photographic plate on which the x-ray spectrum
was recorded. In analyzing their results it is necessary to take
into account a number of factors: vibrational excitation and
® CO, lifetime of the core-ionized state, deexcitation to final states
330 eV, shifted of CO,", lifetime-vibrational interferencg39], anharmonic-

ity of the vibrational motion, resolution, and saturation ef-
fects arising because the data were recorded photographi-
cally. Our analysis of the x-ray emission spectrum involved a
least-squares fitting procedure that included all of these; it
yields a Lorentzian width of 97 meV, in good agreement
with the value of 99 meV we have determined from the
photoelectron spectrum. Thus, there appears to be no dis-

10x10° |-

Intensity

e — T=95meV

ol L crepancy between the data of Nordgremal. [24] and the
290.6 290.7 290.8 2909 value of 99 meV that we have found. We conclude, there-
Ionization energy (eV) fore, that the lifetime for the Auger deexcitation of a carbon

1s hole in CQ is about the same as it is in GH
FIG. 2. Comparison of the=0 peaks from the carbonslpho-
toelectron spectra of CHand CQ taken at a photon energy of 330 IV. DISCUSSION
eV. The CQ spectrum has been shifted in position and normalized
in height for a best match with the Gidpectrum. Circles show the ~ AS was mentioned in the introduction, theoretical Auger
data. The solid line shows a fit to the GHata assuming a lifetime rate calculations indicate that there should be observable mo-
width of 95 meV. The dotted line is calculated for ¢@ssuming a  lecular effects on inner-shell lifetimes. Calculations based on
lifetime width of 78 meV(as reported by Neebt al. [23]). a one-center moddl16,18 indicate a clear trend towards
lower decay rates as electronegative ligands remove valence

derived value of lifetime depends on both the assumed Valuglect_ron density f“’”? the atom W'th_the core hole. Opposed
e this are the multicenter calculations of Hartmdrr],

of the resolution and on the assumed shape of the resoluti hich to0 indicate th that is. faster d
function. This dependence becomes less critical as the resgIC appear 1o indicate the reverse, that Is, faster decay

lution improves rates for Clz and CC}, than for CH,. This could arise if the
our measuréments for GQuere obtained under exactly one-center approximation is not valid, and if the valence

the same conditions as those for our measurements for CHelectrons localized on the ligands are, in fact, able to partici-
for which we found an intrinsic linewidth of 95 meV. If the Pat® in the Auger process. Evidence that this might be the

linewidth for CG, is appreciably different from this, it should case in some systems has recen.tly been pre;ented by Kay
be apparent in a comparison of the two spectra. In Fig. 2, th tal.[40]. In we;/v ofrfhesel.(r;_esult?, r']t is worthwhile to review

v =0 peaks for the two molecules are compared. In this cas roi] arguments for the validity of the one-center approxima-
the CQ spectrum(closed circleshas been adjusted in posi- F val val A d th te is deter-
tion and height to match as closely as possible thg §pi¢c- _For core-vaience-valence Auger decay the rate IS deter
trum (open circles The two spectra diverge on the high- mined by the matrix element

ionization-energy side because of the appearance ob the (W corex| 1 19 WiV ) (1)

=1 peak in the C@spectrum at an excitation energy of 166

meV. However, at ionization energies below this point ofwhereW¥ . is the molecular orbital for the core hole, local-
divergence, the two sets of data match very closely, indicatized on atomA, y is the continuum wave function for the
ing similar contributions from the lifetime. The solid line emitted electron, an® andW!,, are the molecular orbitals
represents the theoretical spectrum for methane, assumingf@ the final holes in the valence shell. To simplify the illus-
linewidth of 95 meV; it matches both curves well, eSpeCia"ytration, we assume a diatomic molec@B and approximate

on the low-ionization-energy side, where neither set of datghe molecular orbitals¥ as linear combinations of atomic

is distorted by the onset of vibrational excitation. The dottedprbitals. ThusW oo,= ¥/, Wherey, is a core atomic orbital
curve in Fig. 2 shows the prediction for G@ the linewidth  on A and W ,,=cpda+cahs and V! =ChdatChodg,

were 78 meV, as indicated by Kivirkiaet al. [15]; this i \yhere #, and ¢g are valence atomic orbitals ok and B,
noticeably narrower than the experimental peak. We haV?espectiver.

alsq tried fitting the data with thg Lore;ntzian width'con- In this picture, the Auger transition rate; *, is propor-
strained to 78 meV and the Gaussian width as an adjustablg,nal to

parameter. This produces an inferior fit and a total Gaussian

width of more than 70 meV, which cannot be reconciled with [(ax| 1 1 (Cadpat Cap) (CadatChdp))® (2

our measured width of 44 meV. It is apparent that our data

are not consistent with an intrinsic linewidth as narrow as 78n the one-center approximation, only those terms are kept
meV. At this time, the disagreement between our results antbr which all indices are the same as that of the atom with the

those of Kivimi et al. remains unresolved. core hole, that is, atom. Then
For the carbon x-ray emission spectrum of Nordgzeal. . o 5
[24], we have digitized the densitometer trace given in their 7 |CACAl“[(ax| L 1 padpa) |, 3
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and it is apparent that the Auger rate depends on the density certain circumstances, the role of intra-inter-atomic tran-
of valence electrons on ato that is, on|cAc,g|2. sitions can be much more important than one would con-
A more careful look at expressid8) shows that the ex- clude from the estimates made by Matthew and Komninos.
pansion leads to four kinds of terms. The first is an intra- From the previous discussion, we see that there is evi-
atomic term, |(ax|1/r 13 dacba)|?, which is the same as dence in the C@carbon Auger spectrum for breakdown of
found in expression(4). Next are two intra-inter-atomic the one-center approximation and that the quantitative theo-
terms, | ax| 1 15 dpacde)|? and |[(ax|1ir 15 pgda)|?. The  retical argument for the lack of multicenter terms is not
second of these is expected to be negligible, since the corong. We now consider the quality of theory that was used
wave function orA, ¢, , and the valence wave function on by Coville and Thomag16] in their prediction of Auger
B, ¢g, have only very small overlap. The first term is con- transition rates. As noted, these were based on the one-center
sidered in more detail below. Inter-inter-atomic terms,approximation. Beyond this, they used the approximate
[(ax| 1l 1 psbs)|?, are expected to be small for the same CNDO theory to obtain molecular orbital coefficients. In this
reason that the second intra-inter-atomic term is small. Fiprocedure, there is no consideration of eitdesrbital par-
nally, there are interference terms, of which the most importicipation or of the effects of electron correlation. Recent
tant type is(ax| 1 12 dadal ax| 1l 17 dpgbg) +c.c. This calculations by Larkins and McCoJ46] at a considerably
contains the same factors as do the intra-atomic and intrdrigher level(but still with a one-center modegive 116 meV
inter-atomic terms. for the carbon & linewidth of CH,—considerably higher
As has been recently noted by Kayal.[41], there is no  than the value of 96 meV calculated by Coville and Thomas
a priori reason to expect the first intra-inter-atomic term,Wwith simpler theory. The disagreement between these two
[(ax| 1l 1] pacdbs)|?, to be small, and one might therefore calculations indicates that there is a need for further work in
expect contributions to the transition rate from intra-inter-this area.
atomic transitions. As evidence for suchgr&n [41] has
noted that the two highest energy transitions observed in the V. CONCLUSION
CO, carbon Auger spectrum involve therd molecular or-

bital. In simplest approximation, this orbital has no density, . The valug of the lifelime linewidth for COiound frqm
on the carbon atom and, in the one-center approximatiom'gh'resc’luuon carbon 4 photoelectron spectroscopy is 99

: 'y is is hi
should not contribute to the Auger spectrum. It has beerr 2 MeV- Although this is higher than others have reported,

noted by Millie et al.[42] that the states of CO' that have com.paris.on of C@.a}nd Ch photoelectron spectra taken un-
primarily 7r_ % character also have a significant admixture ofder 'de”t'c‘?" co_ndmons indicates no apparent difference b_e-

o9 . . tween the linewidths for the two molecules. Both the magni-
a7, <. Since theu orbital does have density on the carbon

. . - _ tude of the CQ linewidth and the lack of difference between
atom, th.'s admixture can lead to Auger transitions “”?'8‘3' ._the CH, and CQ linewidths are not consistent with predic-
state without breakdown of the one-center approximation;s s hased on the one-center model of molecular core-
However, it is difficult. to find a similar cor_1figuration.that valence-valence Auger decay. The Auger spectrum itself
could lead to population of the state that is predominantlygy, s features that cannot be accounted for in the one-center
mg~m, - That population of this state is observed in the ;nhoximation. It is noted also that the semiquantitative un-
Auger spectrum indicates either @ breakdown of the onegerpinning of the one-center model has been questioned.
center approximatiorias noted by Aren [42]) or carbon  Thege gbservations point to the need for a more critical look

d-orbital participation in ther state[43]. at this model, which has played an important role in the
Quantitative arguments for the validity of the one-centefiheory of molecular Auger spectroscopy.

approximation were given by Matthew and Komnirjdgl],
who showed (approximately that the contribution from
intra-inter-atomic Auger transitions falls off as the sixth
power of the interatomic distance and as the fourth power of We are pleased to thank Uwe Hergenhahn for providing
the Auger transition energy. Specifically, they have con-us with a copy of their data as well as a discussion of their
cluded for CH and CH that the intra-inter-atomic transition fitting procedure and Joseph Nordgren for helpful comments
rate is less than 10" of the intra-atomic rate, and hence is regarding saturation of photographic emulsions. T.X.C., J.H.,
negligible. For CQ, with a CO distance that is intermediate and T.D.T. acknowledge support by the National Science
between the CH distance in Glnd the CF distance in GF Foundation under Grant No. CHE-9727471 E.K., N.B., and
and comparable Auger transition energies, we might expect &4D.B. acknowledge support from the Divisions of Chemical
similar result. Their conclusions have, however, been criti-and Material Sciences, Office of Energy Research, of the
cized by Wormeesteet al. [45], who concluded that Mat- U.S. Department of Energy. L.J.S thanks the Research Coun-
thew and Komninos had neglected significant terms and thatil of Norway (NFR) for support.
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