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Carbon 1s photoelectron spectrum of methane: Vibrational excitation and core-hole lifetime
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The carbon % photoelectron spectrum has been measured for &lphoton energies of 302, 320, and 330
eV and for C[) at 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 of the cardume-hole
state. The vibrational intensities vary with photon energy, in agreement with earlier results. At 330 eV, the
observed Franck-Condon factors for both £ithd CD, can be understood only if anharmonic effe@ensis-
tent with the predictions of theonare included. On the other hand, the vibrational spacings ip $&idw no
evidence for anharmonicityn contrast with theoretical predictiondn CD, the observed anharmonicity in the
vibrational energy spacings is about half of the predicted value, but the experimental and theoretical values
differ only by an amount comparable to the experimental uncertainty. The measured values of the lifetime
show a dependence on photon energy; this is attributed to failure of the theory of post-collision interaction to
predict correctly the observed electron spectrum near threshold. At 330 eV, the measured Lorentzian lifetime,
93-95 meV, agrees with predictions of simple theory, but not with the prediction of more complete theory. It
is also observed that there are systematic discrepancies between the observed line shapes and those predicted
by the theory of postcollision interactiof51050-294{9)02305-7

PACS numbse(s): 33.20.Tp, 33.60.Fy, 33.70.Ca

I. INTRODUCTION troid of a vibrational manifold. However, with detailed vi-
brational structure being observed at high resolution, cali-
Recent progress in the development of high-brightnessrants are needed for adiabatic transitions. Second, the
high-resolution x-ray sources at synchrotrons has made itibrational progressions in the core-ionization spectrum re-
possible to study features of x-ray photoelectron spectra thdlect the change in structure of the molecule when a core
were not clear at lower resolution. Among these @dpethe  electron is removed. For methane the structural change is
effects of atoms that have only slightly different ionization contraction of the CH bond, and the extent of the vibrational
energies even though they are chemically inequivaléht, excitation is highly dependent on this change. The analysis
the vibrational structure, an@) the intrinsic line shape. The of vibrational structure thus provides a stringent test of the
last of these reflects both the lifetime of the core hole and thability of electronic structure theory to predict molecular
interaction of the photoelectron with an Auger electronstructure.
[postcollision interactiofPCl)]. Particular molecules where In the simplest picture only one vibrational mode is to be
such information is important and useful are organic mol-expected—the totally symmetric CH stretching mode. In this
ecules having only a few carbon atoms, in which we carcase the vibrational spectrum should consist of a single series
expect to clarify chemical effects on core-ionization energie®f well-resolved peaks. Models for vibrational potential en-
and, possibly, on the inner-shell lifetimes. The simplest suclergy surfaces and for calculation of Franck-Condon factors
compound is methane, GH whose x-ray photoelectron can thus be tested if the spectrum exhibits enough detail in
spectrum has been the object of many investigatjdns3].  the vibrational progression. Methane provided the first evi-
Methane is a prototype for illustrating some of the importantdence for vibrational structure in an inner-shell photoelectron
aspects of inner-shell photoelectron spectroscopy and therspectrum. This was reported in 1974 by Gelilif who used
fore provides a testing ground for our understanding of thenonochromatized aluminurK « radiation as an excitation
various processes involved. By taking advantage of the highsource. In 1985 Asplunét al. [2] reported similar spectra
brightness characteristics of the Berkeley Advanced Lighbut with better resolution—about 0.22 eV. The first spectrum
Source combined with a high-resolution photoelectron specebtained with synchrotron radiation was a measurement of
trometer, we may be able to achieve a detailed understandirggro-kinetic energy electrons at threshold by Heimanhal.
of vibrational structure, lifetime broadening, and postcolli-[3]. Since 1996 there have been five reports of high-
sion interaction in this molecule. resolution spectra measured at the National Synchrotron
Vibrationally resolved inner-shell spectroscopy of meth-Light Source at Brookhavejd,5] and at the MAX-I facility
ane is of interest for several reasons. First, methane serves asLund[6—8]. In these measurements, the instrumental reso-
a standard in gas-phase electron spectroscopy. Calibratiohgion was comparable to or greater than the intrinsic line-
for x-ray photoelectron spectra have been based on verticalidth (about 95 meV, resulting from the finite lifetime of the
transition energies, that is, those corresponding to the cercore holg. The Advanced Light Source coupled with high-
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resolution electron spectrometers provides the opportunity tiower photon energies, and with a Scienta SES-200 spec-
measure this spectrum with a resolution of about half thérometer at 330 eV.
intrinsic width and, therefore, to obtain a clearer view of the The resolution of the monochromator was determined by
vibrational structure. measuring the photon absorption spectrum for CO near the
Another aspect of inner-shell photoelectron spectroscopyls— =*) resonance at 287.4 eV. Voigt function fits indi-
that is of fundamental importance is the lifetime broadeningcated Lorentzian components in satisfactory agreement with
of the peaks. Lifetime widths ofslhole states for first row the value of 85 meV reported by othersl]. A Gaussian
elements are expected to be between 50 and 250 meV, withidth of 39 meV was measured at the two lower photon
carbon in the 60—120-meV ran®@,10]. Measuring the life- energies, and 32 meV at 330 eV. Electron-analyzer resolu-
time width, which is the Lorentzian part of the peak shape, idions were determined by measuring the photoelectron spec-
complicated by such factors as instrumental resolution anéf@ of argon 3 electrons(spherical sector analyzeand xe-
postcollision interaction. Extracting the width from the datanon S5s electrons (Scienta analyzgr at several photon
requires either very good instrumental resolution or a goo@nergies. The resolution function of the Spherical sector ana-
understanding of the instrumental resolution function, adyzer was not purely Gaussian, and a Voigt function was
well as a good theory of postcollision interaction. As a resultused to provide better fits. At 11 eV kinetic energy the full
reported linewidths vary widely and have large uncertaintieswidths at half maximum,I’, were I'c=27 meV, I'|
For methang2,3,5 these range from 8310 meV [5] to =11 meV; at 29 eV kinetic energy they weré'g
120+ 10 meV|[3]. =34 meV,I' =11 meV. The resolution function of the Sci-
Finally, we note that at low photon energies, the spectrungnta analyzer was slightly skewed and slightly flat topped
is strongly distorted by postcollision interaction. The extentcompared to a Gaussian. It was accurately described by a
of this depends on the lifetime, and, thus, the PCI line shapénction of the form exp-Q(x—xy)], where Q(x) is a
potentially provides information on the lifetime. However, fourth-order polynomial. However, the difference between
extracting this information depends on the accuracy wittthis shape and a Gaussian of the same width does not sig-
which PCI theory can describe the line shape. At high enernificantly affect the results of our analysis. The resolution
gies, the intrinsic line shape approaches Lorentzian, and tHéue to the monochromator combines with that due to the
extracted information on linewidth is less critically depen- €lectron spectrometer to give a resulting instrumental resolu-
dent on PCI theory. Comparison of the line shapes obtainetion of about 55 meV for the low-energy data and about 42
at different energies provides insight into the reliability of meV for the measurements at 330 eV.
this approach as well as into PCI theory itself. The transmission of the Scienta analyzer as a function of
Here we present results on the carbam photoelectron  €lectron kinetic energy was determined using the procedure
spectra of Cij and CD, measured with resolution about half developed by Jauhiaineet al.[12]. This involves measure-
the natural linewidth. These results provide a clearer viewnents of the xenon NOO Auger and xenon @ photoelec-
than has been previously available of the phenomena digron spectrum. From these results we conclude that under the
cussed above, but the details leave significant questions ugonditions of our experiment the transmission varies nearly
answered. as the reciprocal of the kinetic energy that the electron has
before it enters the analyzer. Since this is the expected be-
havior, we have assumed that the transmission of the spheri-
Il. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS cal sector analyzer follows the same function. The spectra
were corrected using this assumption, but the correction is
Carbon Xk photoelectron spectra of GHvere measured small and makes little difference in the final results. The
on Beamline 9.0.1 of the Advanced Light Source of thexenon measurements also provided a calibration of the en-
Lawrence Berkeley National Laboratory at photon energiegrgy scale of the Scienta analyzer. Comparing our measure-
of 302 and 320 eV(March 1997, and 330 eV(January ments of the positions of the Auger lines with those given by
1998, approximately 11, 29, and 39 eV above the carbsn 1 Jauhiainenet al. gives agreement within 0.2%. Measure-
threshold(290.707 eV 2]). That of CD, was measured only ments of the position of the xenord4and 5 photoelectron
at 330 eV. As indicated above, the low-energy measurementimes as a function of photon energy show that the shift of
are most strongly influenced by PCI, and, therefore, providgosition with change in photon energy is within 0.1% of the
a test of PCI theory. In the high-energy measurements, oaxpected amount. Theddspin-orbit splitting was found to be
the other hand, the vibrational structure is more clearly re19793) meV, in excellent agreement with the value of
solved. In addition, the statistical accuracy of the high-19822) meV given by Ausmeest al. [13]. Thus, we can
energy measurements is sufficiently good that these spectexpect relative energies measured with the Scienta analyzer
also provide information on PCI theory, even though theto be accurate to better than 0.2%. On the basis of measure-
effect of PCI on the spectrum is small at these photon enements of the argon 8 photoelectron spectrum and its shift
gies. with photon energy, we conclude that the uncertainty in the
Beamline 9.0.1 receives its radiation from an undulatorcalibration for the spherical sector analyzer is about 0.6%.
(U10) with a 10-cm period. It is equipped with a spherical- Data were taken in series of short runs. Each spectrum
grating monochromator that is capable of a resolving powewas inspected and adjustments were made for small drifts in
of 10*. Photon absorption measurements to determine energie energy scale. The adjustments are of the order of 10 meV
calibration and photon resolution were made in a paralleland are probably due to changes in the beam position be-
plate ion-yield analyzer. Photoelectron spectra were meaween one fill and the next and to changes in charging of the
sured in a spherical-sector electrostatic analyzer at the twgas cell with decay of photon beam intensity. After these
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FIG. 1. Carbon % photoelectron spectra of methane at three photon energies. The solid lines show the results of least-squares fits to the
data using the model described in the text. For each pai(b)], [(c),(d)], etc., the data are shown on a linear sqalegpe) and on a
logarithmic scalglower) in order to make clear the regions of agreement and disagreement between the data and the model.

adjustments, the data were combined to give a summed spewere indistinguishable from those using that of van der
trum for each of the four experiments. The experimental reStraten, Morgenstern, and Niehaus. For each fit, a value of
sults are shown in Fig. 1 as the circles. The solid lines repthe Lorentzian linewidth was chosen. Then a least-squares
resent least-squares fits to the dadiscussed in the fitting procedure was used to fit four peaks to the,GHec-
following paragraph The data are shown on both linear andtra and five peaks to the GDspectrum. In these fits, the
logarithmic scales to make clear the agreement and disagreadjustable parameters were a constant background, the en-
ment between the fits and the data in regions of both higlergy position and intensity of the=0 peak, and the posi-
and low intensity. tions and intensities of the other peaks relative to the main
In the fits, the basic line shape is the PCI function of vanpeak. The points were weighted according to the reciprocal
der Straten, Morgenstern, and Nieh@l4], convoluted with  of the standard deviation of each point. This procedure was
the experimental resolution function and an additionalrepeated for different choices of the Lorentzian width to de-
Gaussian function to take into account the Doppler broadentermine the value that gives the lowest valueydf Inspec-
ing. Fits using the function of Kuchiev and Sheinernjaf]  tion of Fig. 1 shows that, for the most part, the agreement
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TABLE I. Linear and quadratic fitting parameters to the observed vibrational splitting¥).

Quadratic fi?

Photon energy Fundamental
(eV) 121 Linear Quadratic
CH, 302 396.0(2.5 393.1(1.3 1.2 (0.9
320 393.2(2.5 392.8(1.8 0.2 (1.2
330 397.1(0.9 397.1(1.2 0.03 (0.5
CD, 330 284.2(0.7) 284.9(0.7) -0.4 (0.3

#The fundamental is the difference between the energies of the and O states. Uncertainti€shown in
parenthesgsinclude the uncertainty in the calibration of the energy scale of the electron spectrometer.
bUncertainties reflect only the statistical uncertainty of the least-squares fit.

between fit and data is quite good. However, there are corthere is excellent agreement between our value and the re-
sistent systematic deviations that we see here and in theults reported recently by Kpeet al. [4,5].
analyses of spectra for other molecules. These are discussedResults of a number of theoretical calculations have been

in a subsequent section. presented for the fundamental frequency of symmetric
stretching mode in core-ionized methane. These include a
IIl. RESULTS AND DISCUSSION value of about 0.42 eV from Mey¢d7], and 402, 406, and

436 meV from Asplunckt al. [2]. Some of these differ sig-
The essential results that come from this analysis are thgificantly from the observed value. The difference between
positions, intensities, and Lorentzian widths of the peaksthe observed and calculated values for the transition energies
These are presented and discussed in the following sectiongay arise from incomplete treatment of the anharmonicity.
For a polyatomic molecule, with several normal modes, the
A. Line positions and anharmonicity energy can be written approximately as

To allow for the possibility that the vibrational motion in
core-ionized methane is anharmonic we have fit the positions E= 2 (v, +d/2)w +E E (v,+d/2)(vst+dg/2) X, s
of the peaks with a quadratic function of+ 3, wherev is s=r
the quantum number of the symmetric stretchlng mode. The e,
important results of this analysis are shown in the last col-
umn of Table I, which gives the coefficient of the quadraticwhere thev's are vibrational quantum numbers and tis
term. On physical grounds, we expect this coefficient to beare the degeneracies for the vibrational mo@&§]. The
negative, since this is the usual effect of anharmonicity. Onlyjuantity w, represents the harmonic term for thén mode
for CD, do we see a negative coefficientD.4 meV, and this and X is the anharmonicity tensor. The fundamental fre-
is nearly within the experimental uncertainty of zero. Thequency of a given mode can be written as
results for CH can be compared with the corresponding
guantities measured or calculated for the neutral molecule: _
—1.4 meV[16], —1.7 meV[17], and —1.5 meV[18]. For ”f“"f+2x”+§r deXrsf2:+--
the core-ionized molecule, previous measurements indicate a
value of =5 meV[2], “no conclusive sign of anharmonic- It is apparent that the fundamental frequency contains con-
ity” [6], “some evidence for anharmonicity, although the tributions due to the anharmonicity of all of the modes. For
effect is too small to be quantifiablel5]. Calculations give neutral CH this correction is about-15 meV[18]. For an
values of—1 to —1.5 meV[2] and —2.4 meV[19]. Our estimate for the core-ionized molecule, we use the calcula-
results are inconsistent with a value as large as these. Ftions of Martin and Leg20] for NH,* and ND,*. These
CD,, the anharmonicity for the neutral molecule is smaller,molecules are isovalent with GHind CL, and have equiva-
—0.68 meV[16] and —0.77 meV[18]. Our experimental lent cores to these ions. To the extent that core-valence elec-
value for core-ionized CPis about half of these values, but tron correlation can be ignored, we expect the vibrational
is just within the experimental uncertainty. parameters of the nitrogen-containing ions to be the same as
For comparison with theoretical calculations of vibra-those for the core-ionized molecules, provided that suitable
tional frequencies, it is useful to consider the fundamentahdjustments are made for differences in mass. For the sym-
frequency for the vibrational mode, which is the differencemetric stretch, no adjustment is necessary. From their calcu-
between the energies of the=1 and 0 vibrational states. lations the correction for Njf (and, hence, for core-ionized
These are summarized in Table | in the column labeled “fun-CH,) is about—20 meV. This correction would bring some
damental.” The uncertainties quoted in this column includeof the various theoretical values into closer agreement with
both the statistical uncertainty, given by the least-squares fithe measured value. However, such an anharmonic correc-
and the uncertainty in the energy calibration. tion does not seem to be compatible with our observation
The weighted average of the three results based on thiat X, for core-ionized CHis very small.
linear fits for CH, is 396.68) meV. This is to be compared For NH,", Martin and Lee give a best value of 401.3
with values of 43(R0) [1], 391(3) [2], 391(5) [6], 400(10) meV for the fundamental of the symmetric stretch, in good,
[7], 3964) [4], 3962) [5], and 39020) [3]. As can be seen, but not perfect, agreement with our value of 396.6 meV for
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TABLE II. Intensities of the vibrational structure in core- A first approach to understanding the Franck-Condon fac-
ionized methane. Normalized to 1 for the=0 transition. Uncer-  tors is to assume the harmonic oscillator model. Since all of
tainties are shown in parentheses. the relevant frequencies are known, the only unknown vari-

able is the change in bond length between neutral methane

v 302eV—CH 320 eV—CH, 330eV—ChH 330eV—CD 54 core-ionized methane. We choose this quantity so as to

0 1 1 1 1 reproduce the ratio of the=1 to O intensities in Cijand

1 0.47G4) 0.4394) 0.4242) 0.6183) CD,. The results of these calculations are compared in Table
2 0.0982) 0.0832) 0.07489) 0.1611) Il with the experimental Franck-Condon factors. Also
3 0.0221) 0.0091) 0.00634) 0.02387) shown are the values dfr that were derived in this way:

4 0.00134) —4.941) pm for CH, and —4.961) pm for CD,. The agree-

ment between the two is excellent and they are also in agree-
ment with the typical values of about5 pm that have been
core-ionized CH For ND,* their calculated fundamental 'ePorted for this quantity1,3,4,. Further inspection of the
frequency is 288.4 meV, again slightly higher than our ex-comparison, however,.shows that the prgdlcted intensities for
perimental value of 284.2 meV for core-ionized £D v>1 are higher than is observed _experlmentally. Foruthe
Comparison of molecular geometry calculations forj]JH =4 peak of CD, the discrepancy is a factor of 10 and for
and core-ionized Clishows a greater bond length for the the v=3 peak of CH it is more than a factor of 3. This
core-ionized molecule than for the nitrogen-containing spefailure of the harmonic oscillator model to account for ob-
cies. Thus, the higher frequencies predicted for,Nind served Franck-Condon factors has been previously noted for

ND,* than are found for core-ionized GHand CDO, may  Poth methane and ethap@]. _ o
reflect a stronger bond in the one case than the other. An alternate approach using the harmonic approximation
is to treatAr as an adjustable parameter in fitting the spec-

trum. This gives—4.64 pm for CH. In this case the dis-
agreement between experiment and calculation is spread
The vibrational progressions were analyzed by allowingover the entire spectrum rather than focused onth@ and
the intensity of each peak to be an independent variable i peaks.
the fitting procedure. The results are shown in Table Il where Including the effects of anharmonicity in the calculations
we see that the vibrational structure changes with excitationf the Franck-Condon factors produces much better agree-
energy. The average number of quanta of vibrational excitament with experiment, even though our measurements of the
tion falls from 0.46 at a photon energy of 302 eV to 0.39 atenergies provide little evidence for anharmonicity. For these
330 eV. This variation has been noted bygfe et al. [5], calculations, we have used the valuesXgf for CH, and
and our results are in agreement with theirs. Between th€D, calculated by Lee, Martin, and Tayldd 8] and for
threshold and a photon energy of about 315 eV there arblH,” and ND,* calculated by Martin and Le§20]. As
contributions to carbond photoionization involving doubly noted above, it is expected that the ammonium ions will have
excited statef5] and these influence the Franck-Condon fac-about the same vibrational parameters as the core-ionized
tors. Above this energy, the relative intensities appear to benolecules. We have found that valuesaf of —4.772) pm
independent of energy, and we confine further discussion téor CH, and —4.761) pm for CD, give the best agreement
our results at 330 eV. with the measured Franck-Condon factors. A comparison of
At 330 eV, the average vibrational energy for £id 156  the calculated and experimental Franck-Condon factors is
meV. This can be viewed as the energy associated with cragiven in Table Ill, where we can see the general agreement.
ating the core-ionized species with bond lengths that are apFhe calculated Franck-Condon factors for 3 in CH, and
propriate to CH in its ground state rather than to core- v =4 in CD, are nearly within experimental uncertainties of
ionized CH,. We expect this energy to be nearly the same forthe experimental values.
both isotopomers, and this is the case. The average vibra- The value ofAr has been difficult to calculate theoreti-
tional excitation for CIQ is also 156 meV. cally with accuracy sufficient to predict the vibrational struc-

B. Franck-Condon factors

TABLE IIl. Comparison of experimental and calculated relative Franck—Condon factors for data taken at
a photon energy of 330 eV. Uncertainties are shown in parentheses.

CH, CD,

v HO?P Expt. AHC? HO*P Expt. AHCG?
0 1 1 1 1 1 1

1 (0.424° 0.4242) 0.428 (0.618° 0.6183) 0.617
2 0.111 0.0746) 0.0717 0.218 0.161) 0.162
3 0.0225 0.006@!) 0.0057 0.0574 0.0239) 0.0231
4 0.0124 0.001@!) 0.0019
Ar, pm —4.941)° —4.772) —4.961)° —4.761)

80, harmonic oscillator. AHO, including anharmonicity.
PAr chosen to fit thes=1 to 0 intensity ratio.
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TABLE IV. Lorentzian widths derived from the methane core- for methane at a photon energy of 330 eV might be higher
ionization spectra. than the true value by no more than 2 meV. We thus feel
confident in concluding that the lifetime width for methane is

Photon energy Width between 93 and 95 meV. This value is to be compared with
(ev) (meV) experimental values previously reported, which span a wide
CH, 302 101.7 range: 10710) meV [2], 12010) meV [3], 83(10) meV [5].
320 97.5 The theoretically predicted value given by Coville and Tho-
330 95.4 mas[9] and by Larking 10], which is based on an approxi-
CD, 330 95.0 mate molecular orbital calculation, is 96 meV, in excellent

agreement with our experimental value. Theoretical values
of 75 meV, calculated by Hartmarj@2] using a multicenter

ture in core-ionized methane. Reported hole-state calcul@PProach, and 116 meV, recently calculated by Larkins and
tions [2,17] for core-ionized CH give values ofAr ranging ~ McColl [23], are not compatible with our result.

from —4.1 to —5.6 pm. As has been noted elsewhfgk an

error of 0.5 pm leads to a predicted spectrum that is obvi- D. The PCI function

ously wrong, and a calculation must be accurate to within
less than 0.1 pm to predict the spectrum satisfactorily. Nevs(er
calculations for CH by Karlsen and Bove [19], which in-
clude both valence correlation and core-valence correlatio
give Ar equal to—4.81 pm, in excellent agreement with our
value of —4.77 pm.

The intrinsic shape of the photoelectron spectrum is de-
mined by the natural lifetime of the core-hole state and the
interaction of the photo and Auger electrons. Several models
"Have been proposed to describe this sHagel5,24—28 Of
these the most complete is that of Tulkdd al. [28]; it is,
however, the least convenient for use in a fitting procedure.
The treatments of Russek and Mehlhda7], van der
Straten, Morgenstern, and Niehalis4], and Kuchiev and
The Lorentzian widths derived from fitting the four pho- Sheinermar{15] contain most of the important features of
toelectron spectra are given in Table IV. The statistical unthe process. Of these, that of Russek and Mehlhorn is not
certainties given by the fitting procedure are, in each casanmathematically convenient, and that of Kuchiev and Shein-
less than 1 meV. There is, however, an additional source aérman is not applicable if the photoelectron has zero energy.
uncertainty arising from the function that is used to describennhile that is not a constraint in the present situation, our
the effect of postcollision interaction on the line shape. If thisneed to consider this problem when it is a constrg28] has
function is inadequate, we might expect the results derived ded us to choose the formulation of van der Straten, Morgen-
different photon energies to differ. Possibly the results destern, and Niehaus. Comparisons show that there are no sig-
rived from CH, would differ from those obtained from GD  nificant differences between these three approaches in the
since the vibrational envelopes for these two molecules arenergy regions of interest here.
different. We note, however, that there is excellent agree- The possibility that the chosen functional form fails at
ment between the values for Gland CD, at a photon en- photon energies close to threshold has been mentioned in the
ergy of 330 eV. Beyond this, although there is approximatediscussion of lifetimes. Evidence for such possible failure
agreement of all of the numbers, there appears to be a trerhn be seen in Figs(l) (photon energy of 302 ehand 1d)
for increasing linewidth at lower energies. If we include the (320 e\j. At the high-ionization-energy region of the spec-
value of 120 meV measured by Heimaenal. [3] at the  trum, we see that the data fall systematically above the cal-
carbon ¥ threshold, there appears to be a definite trend t@ulated line. This behavior is in contrast to that seen in the
greater width at lower excess energy. Although this trenchigher-energy spectra, Figgflland Xh), where the data fall
might be interpreted as a change in lifetime with energy ofmore or less equally on both sides of the line. This discrep-
the photoelectron, we believe that it results from a failure ofancy may be the source of the apparent energy dependence
the PCI function to describe accurately the shape of the obef the natural linewidth. In order to minimize the distance
served electron spectrum at photon energies close to threshetween the points and the line, the fitting procedure assigns
old. This failure might arise because of inadequacies of than erroneously large linewidth at low photon energies.
model near threshold or because there are contributions to Even at a photon energy of 330 eV, close inspection of
the experimental spectrum at low energies from othethe data shows systematic discrepancies between the fit and
sources, such as secondary Auger decay. In some exploratatye data. In Fig. 2 we reproduce Fige), together with two
experiments, we have examined the arggm,2photoelec- regions magnified for more convenient viewing. At both the
tron spectrum at several energies from 5 to 80 eV abovéop of the peak and in the valley between two peaks the data
threshold. At the lowest photon energies, the observed speéall consistently above the linE30]. No adjustment of the
trum is not described well by the model we have used heregparameters of our fitting procedure will remove both of these
Moreover, the best fits at low energy are with lifetime widthsdiscrepancies. Sharpening the pébk assuming a narrower
considerably larger than the reported values of about 12@esolution function or natural linewidthbrings the points
meV [21]. At energies of at least 40 eV above threshold theand line in agreement at the top of the peak, but worsens the
argon spectra are well represented by the PCI function andgreement in the valley. Broadening the peak has the reverse
the value of lifetime derived from fitting these higher-energyeffect. This problem is not unique to methane, but is appar-
spectra is in accord with the accepted value. From this analyent in a variety of spectra that we have fit using this proce-
sis, we conclude that our measurements of the lifetime widthure.

C. Lorentzian widths
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T T T T IV. CONCLUSION

To first order, the core-ionization spectrum of methane is
well understood. The vibrational frequencies and intensities
are very close to what is predicted fraah initio theory. The
line shapes are in approximate accord with the prediction of
the theories of postcollision interaction and a reasonable
value of the lifetime of the core-hole state.

To second order, however, there remain problems. First,
the Franck-Condon factors for vibrational excitation of CH
and CDO, at a photon energy of 330 eV are accounted for
quite well by theory only if we include the effects of anhar-
monicity. On the other hand, the vibrational spacings seen
for core ionization of CH do not support an anharmonicity
as large as that needed to account for the intensities or as
large as that predicted by theory. Second, although the value
of natural linewidth(93—95 meV is in good agreement with
approximate theory9,10], it agrees badly with the recent
and more careful calculations of Larkins and McCd@B].
Finally, we see that there are systematic discrepancies be-
tween the data and the prediction of theories of postcollision
interaction. Although these are most apparent at low photon
energies, there are still problems at the highest energies we
have considered, 39 eV above threshold.

Lo To shed further light on these problems, additional mea-
Ionization energy (eV) surements at higher photon energies would be appropriate.
At an energy 250 eV above threshdlthe approximate en-

FIG. 2. Carbon % photoelectron spectra of Gt 330 eV. The  ergy of the Auger electrofisthe postcollision interaction
solid lines show the results of least-squares fits to the data using thghould vanish31], and the intrinsic line shape should be
model described in the text. Two regions of the spectrum have beeporentzian. At this energy the Doppler broadening would be

magnified to show systematic discrepancies between the data apghout 50 meV and is expected to be Gaussian.
the model used to fit the data.

Intensity

290.9 291.0 291.1 291.2
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