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Self-consistent-field wave functions and energies have been used to obtain an interpretation of the
KLI, Auger spectra of CH, . The computed Auger energies are in good agreement with observed
values. The multiplet structure and splittings of the final states of CH4+ . are shown to play a key
role in determining the spectra. For the first time, symmetry assignments have been made for the
final states of the Auger transition peaks in a molecule.

I. INTRODUCTION

In an Auger transition an initial state which has
a core hole decays to a final state where one elec-
tron has dropped from a higher level to fill the
core hole and a second electron is ejected from
the system. ' Thus the final state of the transition
is (at least) a doubly positive ion; the kinetic en-
ergy of the ejected electron gives the difference
in energy between the initial and final states. The
final state will very often have an open-shell con-
figuration which will give rise to several multi-
plets (described by I,;S or J-J' coupling as ap-
propriate). The resulting multiplet structure in
atomic Auger spectra has been observed' and ex-
plained rather successfully theoretically using
one-electron theory. '

In this paper, we report the first theoretical
analysis of the Auger spectra of a vapor-phase
molecule. Oo.r analysis of the CH4 spectra is ob-
tained using extended basis-set Hartree-Fock
self-consistent-field (SCF) wave functions and en-
ergies. The SCF wave functions have been cal-
culated separately for the initial carbon 1s-hole
state and all appropriate final double ion con-
figurations and multiplets so that relaxation ef-
fects' ' have been taken fully into account.

Recently, the experimental Auger spectra has
been reported ' as four lines with the most in-
tense line having the ra.ther large width [full width
at half-maximum (FWHM)J of 6 eV. In molecular
spectra, linewidths may be broadened because of
unresolved structure due to transitions between
the vibrational levels of the initial and final states.
In particular, if the potential surface (or an ap-
propriate region of the surface) of one of the
states is strongly repulsive the line can be
broadened considerably. In fact, the 6-eV width
of the 250-eV Auger transition in CH4 has been
ascribed' ' to the rapid dissociation of CH4 to
CHs +H

However, our theoretical results show that un-
resolved multiplet structure of the four multiplets

of CH4
' in the configuration 1+',2+', lt,' will con-

tribute significantly to the large observed width of
this transition.

Our theoretical results are in excellent agree-
ment with both relative and absolute experimental
Auger transition energies. Thus, we are able to
make the first theoretical assignment of a rather
complex molecular Auger spectra.

II. COMPUTATIONAL DETAILS

The SCF calculations were performed using a
large basis set of contracted Gaussian-type
(CGTO) basis functions. For carbon, 12s, 7P,
and 2d elementary Gaussians were contracted to
8s, 5P, and 2d CGTO's; for H 6s and 2P functions
were contracted to 5s and 2P CGTO's. The ex-
ponents for this basis set were kindly supplied
to us by Pacansky. e

The SCF energy for the ground state is
-40.214 834 hartrees for r(CH) =2.066 bohrs
which is very nearly the SCF equilibrium geom-
etry. ' To our knowledge this is the lowest en-
ergy reported for CH4,. the previous lowest value'
is E=-40.214178 hartrees for r(CH) =2.05 bohrs.
The parameters of the basis set are given in
Table I. The basis is quite large and only the
functions with the largest exponents were con-
tracted. Thus, this basis set should also be able
to describe the ionic states of CH,' and CH4", of
interest for the Auger transitions, quite well. In
order to examine the dependence of the Auger
transition energies on basis-set size and to pre-
pare for studies of larger molecules, the SCF
wave functions were also computed using a smaller
basis set. This smaller set consists of 6s, 4P,
and 1d CGTO's on C and 4s and 1P on H.

All wave functions have been computed for r(CH)
=2.066 bohrs and in a tetrahedral geometry. All
transition energies, including ionization potentials
and Auger electron kinetic energies, have been
obtained by taking differences of the SCF total
energies of the initial and final electronic states
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TABLE I. Contracted Gaussian basis set.

Exponent Coefficient

Cs

Cp

Cd

Hs

27 740.0
4144.0
939.5
264.8

85.78
30.67

11.82
4.867
2.097
0.6781
0.2630
0.1026

51.72
12.34

3.772
1.325

0.5055
0.1983
0.077 31

1.200
0.200

82.64
12.41

2.824
0.7977
0.2581
0.089 89

1 ~ 100
0.200

0,000 1170
0.000 912 0
0.004 787
0.019 86

0.067 68
0.1821

1.0
1.0
1.0
1.0
1.0
1.0

0.002 734
0.018 98

0.080 81
0.2278

1.0
1.0
1.0

1.0
1.0

0.002 006
0.015 35

1.0
1.0
1.0
1.0
1.0
1.0

of the process. The wave functions and energies
have been separately optimized for all states of
interest. These transition energies correspond to
vertical transitions but with electronic relaxation
effects'4 taken into account.

The molecular orbitals, MO's, were constrained
to have symmetry appropriate to the T„point
group. However, MO's belonging to a degenerate
representation (the 1t, shell in our case} were not
always required to transform exactly into each
other under group operations. That is, although
the symmetry restriction was always maintained,
the equivalence restriction was not.

All wave-function calculations were performed
using the joint MOLECULE/ALCHEMY SCF pro-
gram.

III. RESULTS AND DISCUSSION

The computed total energy of the ground state
is -40.2148 hartrees. The K-shell ionization po-
tential is 290.88 eV, which is in excellent agree-
ment with the ESCA (electron spectroscopy for

chemical analysis} measurementof 290.7+ 0.7 eP. '
Methane has symmetry T„and the ground state

consists of filled shells in the configuration
1a',2a', lt,' with total symmetry A, The K-shell
hole configuration of CH4, the initial state of the
Auger process, is 1a,2cP1t,'(2A, ). The doubly
ionized final-state configurations can be either
1a211t26 la212alllt25 or la212a221t42 The first co~lgu-
ration can couple only to 'A, . The second cor.
figuration is split into a singlet and a triplet: T,
and 'T, . Finally, the third configuration" contains
one triplet, 'T» and three singlets; 'E, 'T„and
'A, .

The excited states and the kinetic energies of
the Auger electrons are given in Table II. In our
interpretation of the experimental spectrum the
'T, -'T, splitting accounts for the second and third
observed lines. The broad (6-eV half-width) fourth
peak, from which the third is barely resolved, is
made up of four lines. In Table III we give the
final-state energies relative to the ground state,
with the energy of the highest ('A, ) level adjusted
to the experimental value. Here we see that the
agreement of the adjusted final-state energies with
experiment is excellent, in all cases falling within
experimental error.

The absolute energies of the Auger transition
energies are in very good agreement with experi-
ment. However, the relative energies of the vari-
ous Auger final states (cf., Table III) are in even
better agreement. This good agreement for the
Auger level energies lends extremely strong sup-
port to our assignment of the symmetries of the
final states of CH4".

The Auger energies obtained using the small
C(6s, 4P, 1d) and H (4s, 1P) CGTO basis set were
nearly identical to the results discussed above for
the large C (Ss, 5P, 2d) and H (5s, 2P) basis set.
The differences in the Auger electron kinetic en-
ergies were less than 0.1 eV; for the relative en-
ergies, they were less than 0.01 eV.

In order to discuss intensities of the Auger
transitions, it is convenient to describe the trans-
ition as

I I F F

Here the Q' represent bound MO's in shells iAand.
jp, of the K-shell hole state of CH, '; P~ is the
final state, doubly filled, 1a, MO, and ~A. F the MO
of the continuum ejected electron. The symmetry
of this ejected electron is such that the total sym-
metry of CH4" and e~ is 'A„ the same as the
symmetry of the initial K-shell hole state. Let us
consider, for simplicity, that the MO's of the
initial and final states are orthogonal to each

. other, i.e., no electronic relaxation. Then the

Auger transition probability, W„ is given bIt
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TABLE II. Calculated and experimental Auger electron
kinetic energies in eV for methane. The calculated
ground-state energy of CH4 is -40.2148 hartrees and the
K-shell ionization potential is 290.88 eV. CH++

4 Theory Expt.

TABLE III. Adjusted energies of the Auger states of
methane in eV.

CH++
4

ht 1t2 Ai
1

1ai2ailt 2
2 5 T2

2

1Ai
iT

1a22a2lt 4 2
i i 2

3T1

Theory

230.43

238.64
244.96

249.26
251.72
253.66
254.70

Expt.

229.4 + 0.4

237.0+ 1.0
243.3 + 1.5

250.0+ 0.3

Ai
T2

3T
2

Ai
'T2
1@

Ti

61.4 ad~usted
53.19
46.86
42.57
40.11
38.17
37.13

~See Refs. 2(b) and 5.

61.4 + 0.8
53.8 + 1.2
47.3 + 1.2

40.7 + 0.8

~See Befs. 2(b) and 5.
IV. CONCLUSIONS

~ = (2./I. ) I&(el'e', , I e~;~E)

~(e';.e'„I ~'e,".,)I',
where the integral (ahIcd) is defined as

(ab(cd)= f a(1)b(2)a', c(1)d(2)dr, dr,

The coefficients A. and B are determined from
considerations of symmetry. Without some esti-
mate of the continuum orbital, &~, we cannot make
an estimate of W, . However, from the group the-
oretic properties of the T~ point group, "we can
say that ~', , for each of the transitions considered
here, will not be zero.

We have reported for the first time a theoretical
analysis of the Auger spectra of a molecule. The
computed transition energies are in very good
agreement with experiment; so good, in fact, that
an unambiguous assignment of configuration and
symmetry can be made for the final state of CH,"
for each of the observed Auger peaks. It is clear
from our results that the multiplet splittings of
the final states plays an important role in the
interpretation of observed spectra.

On the basis of our results, it is reasonable to
expect that SCF wave functions can provide a
basis for the quantitative interpretation of mole-
cular Auger spectra.
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